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ABSTRACT 
 
Chloramine is the second most popular disinfectant behind chlorine. The main advantages of 
using chloramine are that it provides a longer lasting disinfectant residual and diminishes the 
formation of regulated disinfection by-products. However, at times microbial chloramine 
decay can overwhelm the stability. Nitrification has been found to be one of the primary 
factor for this instability and considerable resources have been spent to control and resolve 
this problem. Nitrification causes the problem in two ways: by producing nitrite which can 
subsequently react with and decay chloramine; and by diminishing the amount of ammonia 
available for re-dosing of chlorine to boost chloramine.  In addition, soluble microbial 
products (SMPs) found to be playing a major role in accelerating chloramine decay in water 
distribution systems. SMPs are assumed to be unidentified proteins and/or enzymes secreted 
by microorganisms and sometimes found under severely nitrifying conditions.  
 
Several studies have been carried out to understand the role of nitrifies in distribution 
systems; nevertheless, there are no studies on SMPs to further elucidate the compounds or 
conditions under which they are formed.  In order to develop control mechanisms for 
chloramine decay, it is necessary to identify SMPs and discover factors affecting the 
production of SMPs in the chloraminated systems. As dissolved organic carbon (DOC) 
impact on nitrification process, it could also be a controlling factor for the production of 
SMPs. To develop such an understanding, a lab scale reactor system has been maintained to 
initiate nitrification conditions suitable for different nitrifying conditions.  
 
The study had two primary objectives: understanding the suitable conditions for producing 
SMPs by varying DOC level. Second objective is the separation and identification of SMPs 
using different separation and identification techniques. 
 
The first step involved finding out the optimum DOC level for nitrification suitable for 
production of SMPs; and in order to achieve this, the lab scale reactor sets were treated with 
different DOC concentrations  containing water (10-12, 7-8, 5-6, 3-4, and 0-1 mg-C/L DOC). 
Nitrification and production of SMPs could not be observed with the water containing 10-12 
mg/L DOC. This could be due to the toxic nature or lost battle with heterotrophic bacteria 
with the presence of high DOC level such as 10-12 mg-C/L on nitrifiers. With the water 
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containing 7-8 mg-C/L DOC level, nitrification conditions were achieved, but not the SMPs 
production. Both nitrification and SMPs production were observed with other DOC 
containing feed waters; which contribute to accelerated chloramine decay. When there were 
no nitrification/ mild nitrification, Ammonia oxidising microorganisms may not be 
responsible for the chloramine decay. BAC column which was maintained to reduce DOC 
level up to 0-1 mg-C/L also removed some heavy metals such as Cu, Pb, Zn and Mn present 
in the feed water. A modified biostability curve was needed to represent the onset of 
nitrification in inhibitory substances eliminated water systems.  
 
After the confirmation of SMPs existence in reactor water, they were separated for further 
identification using 30 kDa, 50 kDa and 100 kDa centrifugal filters. According to the 
chloramine decay test results obtained from the experiment, it was confirmed that 30 kDa 
centrifugal filters separate SMPs from bulk water samples. The NMR spectrometry could not 
identify the protein(s) as the protein is either bigger than the size NMR could detect or the 
concentration was too low for the detection with NMR. As a next step, gel electrophoresis 
followed by mass spectrometry was employed. More than 20 protein types specifically 
belonging to bacteria were identified. Among them 4 protein types were in acceptable range 
with high matching score value as they were between 30 kDa to 50 kDa range. Interestingly, 
there was a protein which belongs to Nitrosomonas spp; this needs to be further examined.  
 
Overall, the results for the first time provided the identities of the proteins which could be 
SMPs. Successful separation of SMPs from nitrified bulk water samples using 30 kDa 
centrifugal filters was also conducted for the first time. Moreover, this study highlights the 
effect of DOC concentration on the production of SMPs and how BAC column eliminates the 
metal inhibition on nitrification. The study also proved that usually supplied water naturally 
contains some inhibitory substances that need consideration in defining biostability. 
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CHAPTER ONE 
 
Introduction 
 
1.1  Background 
Chloramine is a disinfectant used to treat drinking water. It is most commonly formed when 
ammonia is added to chlorine to treat drinking water. The typical purpose of chloramine is to 
provide longer-lasting disinfection as the water moves through pipes to consumers. This type 
of disinfection is known as secondary disinfection. Chloramine has been used by water 
utilities for almost 90 years, and its use is closely regulated.  
 
Chemical and microbial agents decay chloramine (Sathasivan et al. 2005). Auto-
decomposition and direct reaction with chloramine demanding compounds including natural 
organic matter (NOM) and microbes present in water distribution system contribute towards 
chloramine decay. In order to understand the mechanisms of chloramine decay, it is 
necessary to separate chemical and microbial decay of chloramine. Sathasivan et al. (2005) 
developed a simple method called microbial decay factor method (Fm) to quantify the 
microbial and chemical reactions on chloramine decay separately. Fm is the ratio between 
microbial decay coefficient (km) and chemical decay coefficient (kc).  
 
Traditionally it is believed that nitrifies which are responsible for microbial process called 
nitrification, are fully responsible for microbial chloramine decay. Nitrification is the 
biological oxidation of ammonia with oxygen into nitrite followed by the oxidation of these 
nitrites into nitrates. The oxidation of ammonia into nitrite is performed by ammonia-
oxidizing bacteria (AOB) and the second step (oxidation of nitrite into nitrate) is done by 
nitrite oxidizing bacteria (NOB). Onset of nitrification was found to accelerate chloramine 
decay (Sathasivan et al. 2008, Skadsen 1993). Based on the nitrite concentration and 
chloramine decay rate, Sathasivan et al. (2008) defined mildly and severely nitrifying stages 
in bulk water samples. In mildly nitrifying stage, chloramine decay was reasonably stable and 
the nitrite production rate is low (less than 0.010 mg-N/L). The stage when nitrite reached a 
high level (more than 0.010 mg-N/L) and chloramine decay excessively accelerated (more 
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than two times the decay observed under mildly nitrifying condition) was defined as the 
severely nitrifying stage. 
 
 Recent studies by Bal Krishna et al. (2012) reported that, sometimes in addition to 
nitrification SMPs resulting in from microbial activities significantly accelerate chloramine 
decay. The SMPs are suspected to be proteins since chloramine was found to be catalytically 
accelerated by auto-decomposition and nitrite oxidation reaction. SMPs type of reactions was 
found to be present in fully nitrified waters (Bal Krishna et al., 2012). In contrast, some 
authors (Tan 2008 and Sarker et al. 2012) noted nitrified waters did not always demonstrate 
SMP type of behaviour. To effectively control accelerated chloramine decay resulting from 
SMPs, it is important to identify the compound(s) and microbes which produce them and 
conditions under which the production occur. 
 
Even though the consistent production of SMPs need for the separation and identification of 
SMPs, the behaviour related to SMPs could not be identified in all nitrified bulk water 
samples (Tan 2008 and Sarker 2012). In mixed cultured environments natural organic matter 
(NOM) cause negative effect on nitrifiers due to the toxic nature and competition for surface 
area, dissolved oxygen, ammonia and nutrients with heterotrophs (Hockenbury et al. 1977, 
Sharma and Ahlert 1977). Similarly, NOM content may impact on microbial community 
variations which is accountable for the SMPs variation mentioned by Tan 2008 and Sarker 
2012. It is regularly present in water sources used for drinking water purposes. NOM may 
also differ on the same location seasonally (Matilainen et al. 2010). Dissolved organic carbon 
(DOC) is a measurement of NOM content in water. Believing nitrifiers are responsible for the 
presence of SMPs, it is important to examine how DOC concentration effects on nitrification 
process. 
 
1.2  Objectives 
It is necessary to control the chloramine decay in distribution systems as it consumes 
considerable resources annually. SMPs, nitrification, heterotrophic bacteria induced 
chloramine decay are the key factors contributing to this decay which need further 
investigation. SMPs have been seen under severe nitrification conditions, but organic matter 
could play a role in controlling the nitrification and thus on SMPs. Therefore, this study 
investigates the factors affecting different nitrifying conditions and production of SMPs, 
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especially under varying dissolved organic carbon levels. The research objectives are as 
follows: 
 To understand how nitrification/ SMPs production/ heterotrophic bacterial activity 
control chloramine decay when natural DOC concentration variations occur in a 
conventional plant treated water. 
 To compare the performance of a similar reactor fed with a biologically activated 
carbon treated water feed in terms of SMPs production/nitrification/heterotrophic 
bacterial chloramine decay. 
 To device a method to separate the SMPs from the water and identify them.  
 
 
 1.3  Significance of the research 
Chloramine is widely used over 90 years as a safe, effective disinfectant by municipally run 
and privately owned water systems across the United States and Canada. Great Britain is one 
among few European countries which use chloramines for residual disinfection in the 
distribution network and for the reduction of disinfection by-products. Finland, Spain and 
Sweden also occasionally use chloramines for disinfection. 
 Accelerated chloramine decay in water distribution systems is the result of nitrification and 
catalytic reaction of SMPs with chloramine. DOC plays a major role in this decay by altering 
the microbial community. Origin of the water, biogeochemical cycles of the surrounding 
environments and the seasonal changes adjust the natural organic matter content in the water. 
Therefore nitrification and SMPs production over the different DOC levels have been studied 
by examining the chloramine decay characteristics. 
Nitrite and nitrate resulting from nitrification contribute to serious health risks. Babies who 
are exposed to drinking water containing these two compouds may develop 
methemoglobinemia, which is commonly referred to as "blue baby syndrome." Birth defects 
such as the growth retardation, cardiac defects and nervous system defects could result if a 
woman is exposed to high levels of nitrates and nitrites during pregnancy. It is also believed 
to put the baby at a greater risk of sudden infant death syndrome (SIDS) after birth and brain 
tumors in childhood. Thus it will provide better opportunity to apply suitable control 
mechanisms against nitrification and further investigate SMPs with the aim of controlling the 
sudden drop of chloramine level in distribution system. 
18 
 
For the first time a suitable filtration technique was identified to separate SMPs from severely 
nitrified reactor water samples. As SMPs are one of the most important factor for decaying 
chloramine in the chloraminated water distribution systems, this finding will facilitate to 
identify the type of proteins which SMPs consist of. Furthermore it will lead to apply 
appropriate inactivation methods to control accelerated chloramine decay attributable to 
SMPs. 
 
Furthermore, outcomes of this research will be useful for all the water supply systems in the 
world which use chloramine as their disinfectant. . 
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CHAPTER TWO 
 
Literature review 
 
Tap water is disinfecting to shield public from disease causing microorganisms. Disinfectants 
kill bacteria, viruses and other organisms that cause deaths and serious illnesses such as 
typhoid, hepatitis and cholera in water. Most commonly used disinfectant to treat drinking 
water is chlorine. Other disinfectants are chloramine, ozone, chlorine dioxide, and ultraviolet 
(UV) light. While water moves through the pipes to the consumers, certain amount of 
disinfectant level has to be maintained. The disinfectant also needs to comply with other 
regulatory requirements and be cost effective. Therefore, chloramine and chlorine is 
frequently used in distribution systems. The drinking water standard for chloramines is 4 
parts per million (ppm) measured as an annual average.  
 
Sydney Water, Australia started to use chlorine as disinfection in the water distribution 
system since 1940s. Since, the early 1960s the first trial of chloramination commenced in 
some distribution systems of Sydney Water. Currently, Sydney Water has seven 
chloraminated and six chlorinated water systems. Beside Sydney Water, Goldfield and 
Agricultural Water Supply System (GAWSS), Western Australia, water utilities located in 
country side of South Australia and most water utilities in Queensland use chloramine as a 
secondary disinfectant. Still, there is no comprehensive record of how many water utilities 
have been using chloramine as a secondary disinfection in Australia. However, it is known 
that most water utilities in Australia that have long water retention times or long distribution 
systems are using chloramine as a secondary disinfection. Chlorination has been practiced in 
short or small water distribution systems. 
 
2.1  Chloramine 
Chloramine is formed by mixing chlorine with ammonia. There are different types of 
chloramines as monochloramine, dichloramine, trichloramine and organic chloramines. 
Monochloramine is the most common form used as a secondary disinfectant in drinking 
water systems. Dichloramine, trichloramine, and organic chloramines are formed in lower 
levels in chloramine application. 
20 
 
The pH, the ratio of chlorine to ammonia-nitrogen and to a lesser extent, temperature and 
contact time controls the production of monochloramine, dichloramine and trichloramine and 
hence the decay rate of chloramines. A pH between approximately 7.5 and 9.0 is optimum for 
the formation of monochloramine and ideal pH is 8.3 (Equation 1). Dichloramine is formed 
when the chlorine to ammonia-nitrogen weight ratio is greater than 5:1; however, this 
reaction is very slow (Equation 2). Organic chloramines are formed when chlorine reacts with 
organic nitrogen compounds (Equation 4). Trichloramine formation does not usually occur 
under normal drinking water treatment conditions (Equation 3). 
 
HOCl + NH3                            NH2Cl (monochloramine) + H2O (Equation 1) 
 
HOCl + NH2Cl                        NHCl2 (dichloramine) + H2O (Equation 2) 
 
HOCl + NHCl2                       NCl3 (trichloramine) + H2O (Equation 3) 
 
HOCl + Organic nitrogen                        R-NHCl (organic chloramine) (Equation 4) 
 
2.2  Possible chloramine decay mechanisms in water distribution systems 
After the formation of chloramine, it starts to decay due to chemical and biological reasons. 
The decay rate is normally controlled by water quality including chlorine to ammonia-N 
ratio, temperature, pH, carbonate, organic matters, bromide, nitrite, atmospheric exposure, 
iron etc. (Vikesland et al. 1996, 2000 and 2001). As a result of chemical decay of chloramine, 
free ammonia is released to water which boosts nitrification process in the chloraminated 
distribution system. Major chloramine decay pathways are described below. 
  
2.2.1  Auto decomposition 
Chloramine decay occurs even without reducing agents called auto decomposition. In auto 
decomposition, chloramine undergoes in the distribution system by a complex set of reactions 
that eventually oxidized ammonia and reduce the quantity of active chlorine in the system 
(Peter et al. 2001). A simplified form of stoichiometry is presented in Equation 5 (Vikesland 
et al. 1996). 
3NH2Cl                         N2+ NH3+ 3Cl
-
 + 3H
+
   (Equation 5) 
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This is highly a pH dependant reaction. Low pH levels promote the auto decomposition than 
in higher pH levels. Therefore, maintaining a lower pH level affects negatively on 
chloraminated systems. Apart from the pH, temperature also plays a major role on auto 
decomposition. But there are many other factors relate to the decay of chloramine than 
temperature. Inorganic/organic carbon residuals, chlorine to ammonia-N ratio, pH, and initial 
chloramine concentrations are the major parameters that affect the auto-decomposition 
process (Vikesland et al. 1998 and 2000). 
 
2.2.2  Nitrite oxidation by chloramine 
In chloraminated distribution systems, nitrite is mainly produced via nitrification process. In 
addition, raw water may also contain certain amount of nitrite. It has been shown that the 
direct reaction between chloramine and nitrite is more favourable than other chemical 
reactions in normal water conditions (Valentine 1985, Margerum et al. 1994). Nitrite 
oxidation is controlled by pH, temperature, free ammonia, nitrite and initial chloramine 
residuals. Below equations (Equation 6 & 7) represent the nitrite oxidation which leads to 
nitrate production and free ammonia (Vikesland et al. 1996). Free ammonia is the major 
component which leads to nitrification in chloraminated water distribution systems. 
NH2Cl + NO2
̅
 + H2O                         NH4
+
 + NO2
̅ 
+ Cl 
̅
   (Equation 6) 
HOCl + NO2
 ̅ 
                           NO3
 ̅
 + H
+
 + Cl 
̅
    (Equation 7) 
  
2.2.3  Nitrification 
Nitrification is a two-step microbiological process where ammonia is oxidized to nitrite (NO2̅ 
)  by AOB (e.g. Nitrosomonas ) and nitrite is nitrate (NO3 ̅ ) by NOB (e.g. Nitrobacter, 
Nitrospina). A simplified equation for the production of nitrite by ammonia and production of 
nitrate by nitrite is illustrated Equation 8 and 9 respectively. Application of chloramine to the 
distribution system eventually introduces ammonia to the distribution system. Excess 
ammonia from chloramine formation and ammonia released from chloramine decay leads 
nitrification. The existing ammonia in the distribution system serves as an energy source for 
nitrifying bacteria which result in nitrification during the decay process.  
NH4
+
 + 3 O2                          2 NO2
̅  
+ 2 H2O + 4 H
+
 by AOB (Equation 8) 
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2 NO2
 ̅
 + O2                         2 NO3
̅
   by NOB (Equation 9) 
 
In the United States, it was reported that 63% of water utilities which use chloramine have 
suffered from nitrification problems (Wilczak et al. 1996). In South Australia, 64% of tested 
samples illustrate nitrification episodes in chloraminated water distribution systems (Cunliffe 
1991). Nitrification of chloraminated drinking water deteriorates water quality, including a 
decrease in chloramine residuals which could lead to increase in heterotrophic plate count 
(HPC) bacteria and increase in nitrite and nitrate-nitrogen, all of them could lead to 
regulatory violations. 
 
Once nitrification has set in, it is almost impossible to stop that process even introducing a 
high chloramine levels like 6.0 to 8.0 mg/L (Odell et al. 1996). In chloraminated water 
distribution systems total chloramine, free ammonia, temperature, pH, light, DO, water 
chemistry and microbial community composition controls the nitrification process. When 
nitrifiers are exposed to minimal concentrations of cyanides, halogenated compounds, 
phenols, mercaptants, thiourea and metals (iron, aluminium, copper, zinc, manganese, lead, 
and nickel); they displays severe stress (Ford 1980). 
 
At the onset of nitrification, both nitrifying bacteria and their products exert chloramine 
demand, decreasing the chloramine residual concentration in distribution system. The 
presence of nitrifiers and their activity is detected by the increasing of NOx (nitrite + nitrate) 
level. This is because nitrite can be oxidized by chloramine or NOB to nitrate in a 
chloraminated environment, but there is only one mechanism to produce nitrite, which is by 
AOB. Sathasivan et al. (2008) have observed two distinct stages based on the chloramine 
decay rate and nitrite production in a chloraminated distribution system as mild nitrification 
and severe nitrification. In mild nitrification, chloramine decay is reasonably stable and nitrite 
level normally remained less than 0.010 mg-N/L; while in severe nitrification, chloramine 
decay accelerates excessively and reaching a nitrite level of more than 0.1 mg-N/L. Yet 
severe nitrification triggers when the chloramine level reached below 0.5 mg/L. 
 
However, both chemical and microbial decay occurs in a full-scale distribution system. In 
order to understand the decay mechanism, separating microbes (including nitrifying bacteria) 
and chemical reactions is required. A microbial decay factor (Fm) method is a simple tool 
which is the ratio between microbial and chemical decay coefficients, that was established for 
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separating and quantifying the microbial activities and chemical reactions on chloramine 
decay (Sathasivan et al. 2005).  The chemical decay coefficient kc is affected by chloramine 
residual, total chlorine to ammonia ratio, temperature, total organic carbon, pH, nitrite and 
other agents present in water; while the microbial decay coefficient km depends on activities 
of microorganisms. 
 
2.2.4  Soluble microbial products 
Soluble cellular components which are released by microorganisms called Soluble Microbial 
Products (SMPs). It can be released during microbial cell lysis or cell synthesis and normally 
diffuses through the cell membrane. Furthermore, SMPs can be released for other purposes as 
well. They consist of a wide range of high (>50 kDa) to low molecular weight (<0.5 kDa) 
compounds that include proteins, polysaccharides, humic acids, fulvic acids, nucleic acids, 
enzymes and structural compounds (Rittmann et al. 1987, Parkin and McCarty 1981). 
 
Few studies have been conducted to investigate SMPs in drinking water systems except for a 
very few literatures on its formation profile (Carlson and Amy 2000). Since the demand of 
high quality drinking water has increased worldwide, SMPs in drinking water treatment 
should be further studied (Jarusutthirak and Amy 2007). Many studies reported that nitrifying 
bacteria activities (especially AOB) can release soluble microbial products that deplete the 
chloramine residual disinfectant concentration by exerting demand on chloramine in the 
system (Regan et al. 2002, Wolfe et al. 1990, Noguera et al. 2009). The produced soluble 
microbial products can stimulate heterotrophs regrowth which can be detected by using 
heterotrophic plate count and then accelerate chloramine decay under nitrifying conditions. 
Noguera et al. 2009 also suggested that soluble microbial products may be a factor in causing 
the rapid chloramine decay in severely nitrifying samples. Bal Krishna et al (2012) recently 
reported that SMPs which are released or produced in nitrified chloraminated systems 
accelerate chloramine decay. Some researchers found that the chemical composition of SMPs 
in drinking water mainly consists of proteins, polysaccharides and organic colloids 
(Jarusutthirak and Amy 2007). Bal krishna et al. (2012) also reported that, applying protein 
denaturing techniques such as silver addition (presented in figure 1.1), subjecting to high 
temperature and high pH completely terminated the accelerated chloramine loss. This verified 
the SMPs are protein-related compound. Repeated re-chloramination in filtered severely 
nitrified waters demonstrated that the soluble microbial products act like catalyst to boost the 
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auto-decomposition and nitrite oxidation on chloramine decay. However, the identity of 
SMPs (the structure of protein), source of the protein and the decay mechanism of chloramine 
residual under severely nitrifying conditions still to be defined. 
 
 
FIGURE 2.1: Chloramine decay profiles in severely nitrified water samples after addition of 
silver and without addition. ‘Unprocessed’ represents the not filtered samples where ‘filtered’ 
represents the filtered samples through 0.22 μm. 
(Adapted from Bal Krishna et al. 2012) 
 
2.3  Factors affecting nitrification 
There are a number of factors that can directly influence the nitrification event in the 
distribution systems include: chloramine residual, total chlorine to ammonia-N ratio, 
ammonia concentration, detention time, characteristics of distribution system hydraulics and 
pipelines, pH, NOM and temperature. 
 
The presence of ammonia in drinking water system produced by excess ammonia from 
chloramine formation, released by chloramine decay or even formed by reactions between 
nitrate and metals in the system (Zhang et al. 2009). The free ammonia in the system provides 
the favourable conditions for nitrification by the existing nitrifying bacteria (AOB & NOB). 
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Therefore, excess free ammonia present in system at low chlorine to ammonia ratio tend to 
encourage nitrification and is one of the primary reasons for high nitrification rate and 
accelerated chloramine decay (Zhang et al. 2009, Karim and LeChevallier 2006).  
 
The retention time and pipe materials of the distribution system also proposed to play a role 
in nitrification episode. Longer the detention time promote the growth of nitrifying bacteria 
and lower chloramine residual in water, thus urging nitrification to govern the system. In 
addition, certain type of pipe materials (e.g. iron) used in the distribution system may provide 
favourable environment (stimulate the growth of nitrifying bacteria) for triggering 
nitrification in the distribution system (Zhang et al. 2009; Zhang and Edwards 2007).  
 
The pH can affect nitrification not only by affecting the growth of nitrifying bacteria, but also 
by affecting the ammonia released from chloramine decay and chloramine inactivation rate 
on nitrifying bacteria (Oldenburg et al. 2002, Harrington 2002). The pH will decrease during 
the nitrification episode. At lower pH, more free ammonia is released and thus increases the 
chloramine decay rate.   
 
Low flow and dead ends in the distribution system network provide favourable conditions for 
accumulating materials to form sediments.  Sediment in distribution pipes may also exert 
chloramine demand and further enable nitrifying bacterial growth (Zhang et al. 2009, Odell et 
al. 1996). Moreover, sediment provides a surface area for bacteria attachment can enhance 
the resistance of bacteria including nitrifying bacteria to chloramine disinfectant (Zhang et al. 
2009).  
 
2.3.1  Effect of temperature on nitrification 
Usually, most water distribution systems are subject to temperature variations between 6 and 
35 °C. Nitrification is highly influenced by water temperature in drinking water distribution 
systems.  The optimal temperature for nitrification and nitrifying bacteria growth is 25 °C
 
to 
30 °C
 
(Odell et al. 1996, Sathasivan et al. 2009). Therefore, nitrification occurrence was 
higher during summer. Higher temperature also increase the rate of chloramine decay and 
therefore provides more free ammonia for nitrifying bacteria growth (Sathasivan et al. 2009, 
Nowlin et al. 2001). Hence, reduction of the temperature could slow down the chloramine 
decay and then the nitrification which is responsible for further decaying of chloramine. On 
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the other hand, elevated temperature increased the disinfectant efficiency of chloramine, 
which could help control nitrifying bacteria in some cases (Lieu et al. 1993). Finding a 
balance is a difficult one, but temperature is difficult to control in distribution systems. 
 
According to the biostability concept (Woolschager et al. 2001) the bacterial regrowth can be 
prevented if the inactivation rate equals or exceeds the bacterial growth rate at each location 
within the distribution system (Sarker et al. 2013). Biostable residual concentration (BRC) is 
the chloramine residual below which potential for nitrification occurrence exists. The 
equation for BRC was implemented by Fleming et al. (2005) and further modified by 
Sathasivan et al. (2008) as follows:  
    
 
μm = The maximum specific growth rate of AOB (d
–1
); 
Free ammonia= Ammonia (NH3) and ammonium (NH4
+
) concentrations (mg-N.L
-1
); 
Ks= Half saturation constant for AOB (mg/L); 
kd = The rate constant for inactivation of AOB by disinfectant (L.d
–1
 mg Cl2 
–1
); 
BRC is measured as total chlorine concentration (mg Cl2 L
 –1
). 
 
Sarker et al. (2013) investigated how temperature would impact the biostability parameters in 
6–35 °C. It was reported that the temperature more than 17 °C is actually controls 
microorganisms better. Onset of nitrification was noticed above this temperature due to the 
reduction of μm/kd value and correspondingly chloramine becomes more effective in 
controlling nitrification. On the other hand, with increasing temperature decreases the 
chloramine residual and increases the free ammonia which is suitable for nitrification. 
 
2.3.2  Role of NOM on nitrification 
The NOM is a mixture of complex organic compounds that are formed from decomposing 
plants, animals and microbial materials in soil and water. Total organic carbon is often 
measured as an indicator of NOM. In water distribution systems, they can react with 
disinfectants to form disinfection by products (DBPs). Now it has been a global concern on 
chlorination and chloramination (Rook 1974, Seidel et al. 2005). Many studies (Shah and 
Equation 10 
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Mitch 2012, Goslan et al. 2009, Hua and Reckhow 2007, Lu et al. 2009) have reported about 
the formation of disinfectant by products in chlorinated and chloraminated systems. 
However, the impact of NOM on nitrification is not well understood. NOM is not a source for 
AOB growth (Harrington et al. 2002), but NOM enhances the growth of nitrifying bacteria by 
liberating free ammonia as a reaction product. 
  
Consumption and useful effects of the organic carbon on the growth of nitrifiers have been 
reported by Krummel and Harms 1982. Organic carbon sources such as pyruvate and peptone 
increase the cell yield of the Nitrosomonas strain, while formate and acetate reduce the lag 
phase of the Nitrospira strain. In chloraminated systems growth of AOB can be indirectly 
influenced by TOC. It is assumed that TOC could enhance the nitrification by decreasing the 
chloramine residuals (Zhang et al. 2009).   
 
Although there are some advantages of NOM on nitrification, it could be toxic to the nitrifiers 
when they live with heterotrophs in chloraminated systems. Since nitrifiers could not win the 
combat against heterotrophs as they competing for surface area, dissolved oxygen (DO), 
ammonia and nutrients (Hockenbury et al. 1977, Sharma and Ahlert 1977). In the production 
of energy for their cellular functions nitrifiers must reduce carbon dioxide to cellular carbon 
which results in lower yield and growth rates compared with the heterotrophs (Rittmann and 
Manem 1992). Nitrifiers have, therefore, a competitive disadvantage with heterotrophs at a 
high organic carbon level. If there is no organics, heterotrophs do not have substrate to grow, 
then they must be fully dependant on the cell lysis and the SMPs released by nitrifiers for the 
organic carbon source. This is supported by the finding that at a high organic carbon-to-
ammonia ratio, nitrifiers are strongly dominated by heterotrophs (Ohashi et al. 1995, 
Verhagen and Laanbroek 1991). 
 
2.4  Removal of NOM from drinking water 
2.4.1  Ultra-filtration 
Ultra-filtration (UF) is an established technology in NOM removal in water treatment. In the 
past two decades it has developed rapidly due to the evolution of both membrane 
manufacturing and design and operation. UF is mainly applied in surface water treatment, 
filter backwash water treatment and as a pre-treatment for reverse osmosis in desalination 
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(Adham et al. 2004). This is mainly applied when the NOM content/ colour is high (>30 mg 
Pt/l) and turbidity low (<1 NTU) (Ødegaard et al. 2010). 
 
2.4.2  Conventional coagulation/ Floc separation method 
This method might be the most commonly used method for the removal of turbidity but some 
NOM is eventually removed. This method is primarily used to remove the turbidity. Most 
commonly used coagulants are aluminium sulphate, pre-polymerised aluminium chloride or 
iron chloride. These processes remove NOM by adsorption onto flocs and can typically 
achieve 50 - 80% removal of DOC (Parsons et al. 2002) 
 
2.4.3  Oxidation 
The colour removal and disinfection is the main target of oxidation. Ozonation normally is 
the preferred oxidation method. The oxidation of NOM by ozone can follow two main 
pathways; 1) direct oxidation by ozone which selectively targets mainly activated aromatics 
and double bonds, and 2) indirect reaction where ozone is decomposed to form hydroxyl 
radicals which are more powerful but less selective oxidants than ozone (Ødegaard et al. 
2010). 
 
2.4.4  Adsorption processes 
Granular activated carbon (GAC) is an effective adsorbent used widely for drinking water 
treatment. Micropollutants such as pesticides, industrial chemicals, tastes and odours and 
algal toxins are removed by GAC (Newcombe 1999). The adsorption of compounds to the 
GAC is influenced by the structural and the chemical characteristics of the carbon surface. 
(Newcombe 1999, Karanfil et al. 1999).  Over the time, it was found that there are bacteria 
multiply in the GAC filters and contributes to the removal of impurities in the water. After 
the growth of the bacteria in the granular carbon, it is called biologically activated carbon 
(BAC). It is also well known that activated carbon filters are used after the ozonation of 
NOM-containing waters results in biological activity in the filter. The run-time of GAC filters 
is increased because of “biological regeneration” (Ødegaard et al. 2010). 
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2.4.4.1  BAC filters 
BAC filtration has been widely applied to remove biodegradable organic compounds 
(BDOC) similar to sand filtrations (Liao et al. 2013). Biological filters eradicate impurities by 
three main mechanisms: biodegradation, adsorption of micro pollutants, and filtration of 
suspended solids. Organic matter is consumed by the microbial growth (biofilm) attached to 
the GAC. Besides Liao et al. (2013) reported that assimilable organic carbon (AOC) also 
effectively reduced by the pilot scale BAC filters with the time. BAC also can be effective for 
eliminating synthetic organic chemicals such as benzene, toluene, and pesticides like atrazine 
which present health concerns. The process also can reduce the concentrations of taste and 
odour causing compounds such as short-chain aldehydes, amines and aliphatic aldehydes, and 
phenols and chlorinated phenols. 
 
 2.5  Strategies in Prevention and Control of Nitrification 
The main objective of controlling nitrification in the distribution systems is to cut down 
associated accelerated chloramine decay. This will lead to maintain the water quality in the 
distribution system by controlling the bacterial growth.  
 
2.5.1  Traditional strategies  
Increasing chlorine to ammonia ratio: Seidal et al (2005) reported that optimizing the chlorine 
to ammonia ratio is the most common nitrification control technique. In this technique 
nitrification is controlled by reducing the free ammonia level. Nevertheless nitrifiers can 
grow even with small amount of ammonia and therefore is a less effective method. Moreover, 
there is a chance of dichloramine formation while maintaining chloramine at higher chlorine 
to ammonia ratio of 5:1, results taste/odour problems and higher DBPs formation (Skadsen 
and Cohen 2006).  
 Increase Chloramine Residual: In the long term approach increasing chloramine 
residual by adding free chlorine may be an effective nitrification control measure, but 
once nitrification triggers it is almost impossible to stop it even with higher 
chloramine concentration of 8 mg/L (Skadsen 1993). In South Australia, nitrifiers 
were found in samples having more than 5 mg/L of monochloramine (Cunliffe 1991). 
It was also reported that the nitrification did not decrease in most pipe materials until 
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the chloramine level was increased to 4 mg/L and maintained at that level for several 
weeks (Zhang et al. 2009) Once the onset of nitrification started, it is almost 
impossible to stop as increasing nitrite decays the chloramine even after introduction 
of high chloramine dose. 
 
 Break point chlorination: Breakpoint chlorination can inactivate nitrifiers and no 
ammonia is provided compared to chloramine. It is applied in several water utilities 
for a period of one week to one month once or twice a week. Increase DBPs 
concentration, unaccepted chlorinous taste (Harms and Owen 2004, Ferguson et al. 
2005), extensive labour involvement and usage of massive amount of chlorine at 
initial stage are some negative effects of break point chlorination. Moreover, chlorine 
completely decays before it gets to deactivate nitrifiers.   
 
 Flushing (decrease water age): This is a short duration effective method of 
controlling nitrification. In this method nitrifiers could be flushed from the system, 
however with the time they could re-establish between flushing intervals. Flushing 
can also remove tubercles and sediments, thus disinfectant can penetrate into biofilms 
containing nitrifiers (Harms & Owen 2004). 
 
 Removal of organic matter: As NOM accelerate the decay of chloramine, it is an 
effective method of controlling nitrification by removing NOM at the treatment plant 
which is commonly practised in Europe. In a pilot scale study, Harrington et al. 
(2002) reported that nitrification could be avoided or prolonged the onset time by 
maintaining total chlorine residual above 2.2 mg/L and the chlorine to free-ammonia 
ratio greater than 1.9. They also observed that onset of nitrification was postponed in 
higher TOC removal samples during a four day retention time and further no 
nitrification events were observed when the retention time was reduced to one day. 
This also controls the heterotrophic bacterial growth in the distribution system. 
 
 pH adjustments: Increase the pH level could help in reducing nitrifiers growth and 
chloramine decay. Eventually, it reduces the chloramine inactivation effect too. 
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2.5.2  Fm Method 
Fm method was revealed to maintain a sufficient chloramine residual by minimizing 
microbial acceleration of chloramine decay in chloraminated water reservoir of Sydney 
Water Distribution System, Australia (Sathasivan et al. 2010). This provides the precise 
values of chloramine stability by calculating the decay rate coefficients (chemical and 
microbial) with monitoring chloramine residual.  Therefore the early warning of onset of 
nitrification (Fisher et al. 2009, Sathasivan et al. 2009) can be identified and control strategies 
for maintaining the chloramine residual can be applied. 
 
2.5.3  Addition of sodium chlorite 
Several studies reported the application of chlorite as nitrification inhibitor and therefore 
maintain the recommended chloramine level in distribution systems (Gagnon et al. 2005, 
McGuire et al. 1999, McGuire et al. 2004, Karim and LeChevallier 2006, Rahman et al. 
2011).  McGuire et al. (1999) hypothesized that chlorite can reduced or excluded the potential 
for nitrification. It is also reported that short term application of chlorite ion (0.2 mg/L) is 
effective in preventing nitrification in full-scale distribution system (McGuire et al. 2004). 
Nevertheless chlorite could be converted to chlorine dioxide in an acidic environment that 
could create by oxidation of ammonia during nitrification by biofilm on the surfaces (Gates 
1989). Chlorite could be toxic applying in high levels (Harms & Owen 2004). 
 
2.5.4  Addition of copper and silver inhibitors 
Moreover, addition of copper and silver as inhibitors for controlling nitrification has been 
attempted in the research literature (Sathasivan et al. 2005; Zhang et al. 2009). Sarker (2012) 
reported that copper concentrations greater than or equal to 0.25 mg-Cu/L intensely 
withdrawn the AOB activities (nitrite production) in chloraminated severely nitrifying 
samples. Considering those results it was proved that copper alone or with chloramine can 
inhibit nitrification hence can help in sustaining residual in the distribution system. 
 
Bal Krishna (2012) reported that the accelerated chemical and microbial chloramine losses 
were significantly reduced after dosing silver at a concentration of 0.1 mg-Ag/L to the 
nitrified water samples from laboratory scale system.  Silver has been used for water 
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disinfection and is effective inactivation or killing of planktonic bacteria (Silvestry-Rodrifuez 
et al. 2007, Kim et al. 2004). Zhou et al. 1997) reported that silver does not react with most of 
NOM in distribution system by resulting minimal possibility of producing toxic by-products. 
With advantages of employing silver in the distribution system; more investigation has to be 
carried out for optimizing the silver dose, time and dosing location in the distribution system.  
 
Among these methods, break point chlorination is the current proven approach for solving 
any severe nitrification issue; however, this approach increases the disinfectant by-products 
formation (Harms & Owen 2004). Other control strategies are needed for effectively 
controlling the water quality of the distribution system.  
  
 2.6  Protein separation and identification 
To understand the nature of different proteins and their structural and functional 
relationships, individual proteins are separated and identified. As soluble microbial products 
were confirmed as protein (Bal Krishna et al. 2012), protein identification techniques can be 
used to identify SMPs. Nuclear magnetic resonance spectroscopy (NMR spectroscopy) and 
mass spectrometry techniques can be used for the identification of protein molecules. Mass 
spectrometry is extensively used to understand the molecular mass of the molecules and their 
spectral components while NMR looks at the spin and charge of the atoms within the 
molecule. 
 
2.6.1  Nuclear magnetic resonance spectroscopy (NMR spectroscopy)  
This is a research technique that exploits the magnetic properties of certain atomic nuclei. It 
determines the physical and chemical properties of atoms or the molecules in which they are 
contained. It relies on the phenomenon of nuclear magnetic resonance and can provide 
detailed information about the structure, dynamics, reaction state, and chemical environment 
of molecules. The intramolecular magnetic field around an atom in a molecule changes the 
resonance frequency, thus giving access to details of the electronic structure of a molecule. 
 
NMR spectroscopy can be applied to structure determination by routine NMR techniques for 
proteins in the size range between 5 and 35 kDa. For many proteins in this size range 
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structure determination is relatively easy; however there are many examples of structure 
determinations of proteins, which have failed due to problems of aggregation and dynamics 
and reduced solubility. Nuclear magnetic resonance and X-ray crystallography are the only 
two methods that can be applied to the study of three-dimensional molecular structures of 
proteins at atomic resolution. NMR spectroscopy is the only method that allows the 
determination of three-dimensional structures of proteins molecules in the solution phase. 
 
Currently, the upper weight limit for NMR structure determination is ~ 50 kDa. Above this 
molecular weight, X-ray crystallography is presently the only method for high resolution 
structure determination. 
 
2.6.2  Mass Spectrometry 
Mass spectrometry is a technique in which gas phase molecules are ionized and their mass-to-
charge ratio is measured by observing acceleration differences of ions when an electric field 
is applied. Lighter ions will accelerate faster and be detected first. If the mass is measured 
with precision then the composition of the molecule can be identified. In the case of proteins, 
the sequence can be identified. Most samples submitted to mass Spectrometry are a mixture 
of compounds. A spectrum is acquired to give the mass-to-charge ratio of all compounds in 
the sample. Mass spectrometry is also known as 'mass spec' or MS for short. Mass 
spectrometry throws light on molecular mechanisms within cellular systems. It is used for 
identifying proteins, functional interactions, and it further allows for determination of 
subunits. Other molecules in cells such as lipid components can also be defined. 
 
A mass spectrometer is composed of several different parts: a source that ionizes the sample, 
the analyzer that separates the ions based on mass-to-charge ratio, a detector that "sees" the 
ions, and a data system to process and analyze the results. Relative abundance of an ion can 
also be measured using mass spectrometry. Different compounds have differential ionization 
capabilities and therefore intensity of the ion is not a direct correlation to concentration. 
Before protein is identified by use of a mass spectrometry, it needs to be separated. 
Electrophoresis is one of the most important way of separating them. Two dimensional (2D) 
gel electrophoresis and the capillary electrophoresis are the two main types of 
electrophoresis. Other than the electrophoresis, liquid chromatography also used to separate 
proteins.  
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2.6.2.1  2D gel electrophoresis 
In this method, proteins are separated based on their charges, and then they are separated on 
the basis of their molecular weights. The gel is stained after the succession of two 
electrophoretic runs to visualize the protein bands. (Nawin C. Mishra 2010) 
2.6.2.2  Capillary electrophoresis 
Capillary electrophoresis involves the separation of proteins and peptides carried out a thin 
glass tube usually 50 µm under high voltage. Separated protein can be visualized and 
monitored by ultraviolet light during the electrophoretic run. (Nawin C. Mishra 2010) 
2.6.2.3  Liquid chromatography 
This is the process of separation of proteins or peptides by passing a solution of 
proteins/peptides in an appropriate solvent over a solid matrix. Depending on the nature of 
the matrix used, there are different kind of chromatography such as liquid or column 
chromatography, paper chromatography, thin gel chromatography and gas chromatography. 
(Nawin C. Mishra, 2010) 
 
2.7  The microbial community in chloraminated water distribution systems 
Believing nitrification is the key component for decaying chloramine, investigations have 
been carried out to characterize and quantify nitrifiers, especially AOB in chloraminated 
systems. AOB are slow growing autotrophic (use carbon dioxide to support their growth), 
aerobic bacteria that occupy in a vast range of aquatic environments. Due to the high energy 
consumption for fixing inorganic carbon, nitrifiers show slow growth grate (Rittmann and 
Snoeyink 1984). Particularly, in chloraminated drinking water distribution system, to some 
extent AOB may have chloramine resistance. Further, laboratory inactivation experiments 
also proved the necessity of long time or high chloramine residuals for inactivating nitrifiers 
(Cunliffe 1991, Oldenburg et al. 2002).  
 
There could be difference in AOB species found in different environments. Furthermore, 
Claros et al. 2010) reported that AOB species are different in lab and pilot-scale experiments. 
Dominant AOB in biofilms and bulk waters of pilot and full-scale chloraminated system are 
Nitrosomonas spp., members of the Betaproteobacteria, using the 16S rRNA gene-targeted 
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terminal restriction fragment length polymorphism (T-RFLP) and clone library. Nitrosospira 
spp., another subgroup of Betaproteobacteria was found as a small fraction of the AOB in the 
same systems (Regan et al. 2002 and 2003, Lipponen et al. 2004). It is also confirmed both 
Nitrosomonas spp. and Nitrosospira spp. are the common strains that are regularly present in 
the chloraminated distribution systems (Hoefel et al. 2005). Nitrospira spp. were identified in 
several studies as the largest subgroup of NOB using the 16S rRNA gene clone library 
(Martiny et al. 2003) and 16S rRNA gene-targeted T-RFLP (Regan et al. 2002 and 2003). 
Nitrobacter spp. NOB was also detected in chloraminated systems (Regan et al. 2002 and 
2003, Noguera et al. 2009). 
 
Besides the nitrifying bacteria, nitrification can be carried out by some heterotrophs such as 
Alcaligenes faecalis, Pseudomonas, Thiosphaera pantotropha, fungi, and some algae. (Bock 
et al. 1992, Watson et al. 1989). Nevertheless, the rate of nitrification is slower than the 
autotrophic nitrifiers.  Apart from the bacteria, Ammonia-oxidizing Archaea (AOA) have 
been identified in a marine environment and in wastewater treatment plants, can carry out 
nitrification (K¨onneke et al. 2005, Park et al. 2006) Recently, Woolpunda distribution 
system of South Australia have been identified for the presence of AOA (Hoefel et al. 2011) 
which is chloraminated since February 2009. 
 
Almost all of these studies were carried out on the community of nitrification bacteria. There 
were limited studies had been accompanied to distinguish the overall microbial community in 
chloraminated systems. For the first time, heterotrophic bacterial community in a 
chloraminated system were identified by Williams et al. (2004). Dominance of 
Alphaproteobacteria was recognized in both model chloraminated and chlorinated water 
distribution systems. Sequences aligned with Alphaproteobacteria including Afipia, 
Sphingomonas, Brevundimonas, Blastomonas, Hyphomicrobium, Methylocystis and 
Bradyrhizobium were reported in the systems. Furthermore, Betaproteobacteria was more 
abundant in the chloraminated water than in the chlorinated water (Williams et al. 2004). 
 
Despite the detailed investigation of bacterial communities in many chloraminated systems, 
investigation of the microbial community with respect to chloramine residual or nitrification 
stages was largely missing. Bal Krishna et al. (2012)  for the first time revealed the impact of 
decaying chloramine residuals and associated nitrification on microbial communities in 
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chloraminated distribution system. It was done by setting up a lab scale reactor system 
stimulating a full scale chloraminated water distribution system. The study reported that, 
some microorganisms appear to resist chloramine concentrations commonly maintained by 
utilities in the distribution systems. Microbial communities changed with changing 
chloramine residuals and nitrification metabolites and diversity of them increased with 
decreasing chloramine residuals. Bacterial classes Solibacteres, Nitrospira, Sphingobacteria, 
Betaproteobacteria were dominant when the reactor content experiences low chloramine 
residuals (below 0.65 mg/L) and high nitrification activities. Classes Actinobacteria and 
ammaproteobacteria dominated in higher chloramine residuals (1.60 - 2.18 mg/L) maintained 
in the lab-scale system. The class Alphaproteobacteria was present in all chloramine 
residuals (0.03 - 2.18 mg/L) irrespective of variation in nitrification activities. Nitrifiers and 
biologically induced ammonia oxidation only took place once chloramine had decreased 
below 0.65 mg/L and well known ammonia oxidising bacteria with two novel species were 
identified.  
 
On the other hand, NOM content of the water greatly impact on nitrification in the water 
distribution systems. It could hosts different types of microbial community with the variation 
of NOM content in the distribution systems. Besides SMPs which were identified in nitrified 
chloraminated systems sometimes accelerated the chloramine decay. Studying the microbial 
community changes in different NOM could lead to recognize the responsible bacteria for the 
production of SMPs. It could hints for employing measures to control SMPs associated 
chloramine decay in chloraminated distribution systems. This would facilitate better 
opportunities for controlling the SMPs producing bacterial population rather than controlling 
the nitrification.  
 
 
 
 
 
 
 
37 
 
CHAPTER THREE 
 
Materials and Methods 
 
3.1  Analytical procedures 
Total chlorine, Total ammoniacal nitrogen (TAN) and nitrite were measured immediately 
after collecting the samples. The Gallery (Thermo Scientific), a high precision chemistry 
automated analyser, was adopted for measuring TAN, nitrite and NOx concentrations. It is a 
fully automated instrument which provides analysis on optical multi-cell cuvette that 
provides discrete analysis. 
 
TAN included free ammonia, ammonium and ammonia associated with chloramine 
determined by using colorimetric method. Available ammonia reacts with hypochlorite ions 
generated by the alkaline hydrolysis of sodium dichloroisocyanurate to form monochloramine 
reacts with salicylate ions in the presence of sodium nitroprusside at around pH 12.6 to form 
a blue compound. The compound is measured spectrophotometrically at 660 nm. Nitrite is 
measured by reaction with sulphanilamide and N-(1-naphthyl)-ethylenediamine 
dihydorchloride to form a highly colored azo-dye, thus, the absorbance is measured 
spectrophotometrically at 540 nm or 520 nm. The determination of nitrate is by catalytically 
reducing the nitrate ions into nitrite ions (possibly by nitrate reductive enzyme in presence of 
reduced nicotinaminde dinucleotide), the total nitrite ions are then measured by 
sulphanilamide method as the NOx, and nitrate is obtained by deduction nitrite from the NOx 
The analyser has the detection limit for TAN, nitrite and NOx of 0.002 mg-N/L. Standard 
curves for TAN, nitrite and NOx were calibrated for the range 0.0 to 1.0 mg-N/L using stock 
solutions of ammonium chloride, sodium nitrite and sodium nitrate, respectively. The 
experimental errors were 1.5% for TAN, nitrite and nitrate measurement. 
 
Total chlorine residuals were measured by DPD colorimetric method using a HACH pocket 
colorimeter. It was assumed that more than 99% of the chloramine was present in the form of 
monochloramine given that pH was above 8.0 and the Cl to TAN mass ratio was 
approximately 4.0. Total chlorine measurement had an experimental error of ± 0.03 mg/L. 
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TOC was measured using Shimadzu laboratory total organic carbon analyser with 
experimental error for TOC of ± 5%.   Portable pH meter (HACH 40d) was used to measure 
pH values and the measurement error was ± 0.1.  
 
Metal concentration absorbed/adsorbed by the BAC column was measured using Inductively 
Coupled Plasma - Mass Spectrometry (ICP-MS), immediately after preparing the samples.  In 
ICP-MS, a plasma or gas consisting of ions, electrons and neutral particles is formed from 
Argon gas, which is then utilized to atomize and ionize the elements in the sample matrix. 
These resulting ions are then passed through a series of aperatures (cones) into a high vacuum 
mass analyser where the isotopes of the elements are identified by their mass-to-charge ratio. 
The intensity of a specific peak in the mass spectrum is proportional to the amount of the 
elemental isotope from the original sample.  
 
3.2  Preparation of stock chemical solutions  
Stock solutions for all chemicals were prepared using analytical grade chemicals in Milli-Q 
water. Monochloramine solution was prepared using stock solutions of ammonium chloride 
(1 g-N/L) and sodium hypochlorite (1 g-TCl/L). 1M hydrochloric acid (H2SO4) and 1M 
sodium hydroxide (NaOH) solutions were prepared for pH adjustment. Stock solutions of 
sodium nitrite (NaNO2) and sodium nitrate (NaNO3) for the later experiments were also 
prepared with the concentration of 1 g-N/L and 1 g-N/L respectively. 
 
3.3  Collection and preparation of feed water sample  
Sydney Water Corporation supplies water to approximately 4 million customers. The Orchard 
Hills Water Filtration Plant (WFP) treats about 70 million litres of drinking water per day for 
supplying drinking water to suburbs in Penrith area. Water mainly from Warragamba Dam is 
treated by coagulation/ flocculation/ filtration, followed by disinfection. The Feed water 
about 0.5 m
3
 in volume was collected once a month at the point before the process of 
disinfection and was transported to University of Western Sydney and stored in High Density 
Poly-ethylene (HDPE) tank. The water was stored at room temperature (18 – 23 ◦C) before 
feeding the series of reactors. Eliminating contamination by indigenous microbes present in 
feed water, chlorine (from a stock solution of 1 g-TCl/L sodium hypochlorite) was added and 
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followed by ammonia (from a stock solution of 1 g-N/L ammonium chloride). About 3 hours 
was allowed between chlorine and ammonia dosing. The TCl to TAN mass ratio of 4:1 was 
maintained. TCl is the total chlorine and TAN is the summation of NH3-N, NH4
+
-N and N 
associated with chloramine. The total organic carbon (TOC) of feed water was 6.68± 0.4mg-
C/L and 4.58± 0.6 mg-C/L during the first 52 days and next 20 days of the experimental 
period respectively. The pH in the feeding tank was subsequently adjusted to 8.0± 0.1 for the 
feeding the series of reactors.  
 
3.4  Laboratory scale system set-up 
The laboratory scale system was set up at Environmental Engineering Laboratory in 
University of Western Sydney. The system (Figure 3.1) consisted of five reactors, naming 
Reactor 1 (R-1), Reactor 2 (R-2), Reactor 3 (R-3), Reactor 4 (R-4) and Reactor 5 (R-5), 
connected in series through HDPE pipes. Each reactor was 5 L in volume and was made of 
HDPE closed with a lid (HDPE) and the feed water tank was also made of HDPE with a lid 
(HDPE). The system was facilitated with automatic water flow; control unit devices were 
used to control the water flow rate between feeding tank and R-1. Nevertheless, the outlet and 
inlet pipe level was adjusted to create gravity flow along the system. Water samples for 
analysis were collected from the outlet fixed at the bottom of each reactor. 
 
 
FIGURE 3.1: Schematic Diagram of Laboratory Scale System Setup 
   
  
 R4 R3 R2 R1 
  
 
 
 
 
   
 
 
R5 
Power supply & Control units 
Water feeding tank 
Outlets 
R-2 R-1 -5 -3 R-4 
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FIGURE 3.2: Photograph of two laboratory scale system setups 
 
3.4.1  Operation of the laboratory scale system 
During the startup period, the feed water with chloramine concentration of about 1.0 mg/L 
(TCl: TAN ratio, 4:1) was prepared. The pH in the feed water tank was maintained at 8.0± 
0.1 all the time. About 5 L water was fed continuously per day and water volume was 
maintained constant to gain retention time of 24 hours in each reactor. The various 
nitrification conditions (from no nitrification to severe nitrification) which generally occur in 
real distribution system were attempted to be created along the connected reactor series 
providing accumulative retention time.  
 
In the first two reactors (R-1 and R-2) water temperature was maintained at 20± 2.0 
o
C and in 
the last three reactors (R-3, R-4 and R-5) at 23± 2.0 
o
C, to acquire higher microbial activities. 
Chloraminated water samples were collected from the Sydney Water Distribution System 
which is believed to have nitrifying bacteria; to facilitate nitrification and to acquire specific 
inoculum usually presence in distribution system. The water samples were placed as seed 
microorganisms in each reactor, except for R-1. Earlier one lab scale reactor system was 
continuously operated with the feed water containing 10-12 mg/L TOC level.  According to 
the experiments, two lab scale reactor systems with different TOC containing feed water have 
been operated at one time during the experimental period. Chloramine concentration was 
increased step wise from the beginning of the experiment. For the first 2 weeks, it was 1.0 
mg/L, then 1.5 mg/L, 1.7-2.00 mg/l and for next 3 weeks and 2-2.5 mg/L until the end of the 
study. Same TCl-to-TAN ratio of 4:1 have been maintained to encourage various nitrification 
Power supply and 
control units 
Feed water tanks 
Reactors Outlets  Reactor connectors 
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conditions all time. Parameters such as total chlorine residuals, TAN, nitrite and nitrate were 
continuously monitored along the reactors (R-1 to R-5) for the system until various 
nitrification conditions (from no nitrification to severe nitrification) to occur. 
 
3.5 Determination of microbial decay factor (Fm) 
A simple tool developed by Sathasivan et al. (2005) used to separate the chemical and 
microbial decays in a chloraminated system. By employing this method, two major decay 
mechanisms can be easily understood. Figure 3.2 shows an experimental plan for determining 
the chemically and microbiologically assisted chloramine decay. Determining the chemical 
decay coefficient (kc) and microbial decay coefficient (km) in four major steps: sample 
preparation, incubation, monitoring chloramine decay associated parameters, and estimating 
the decay rate from the collected data. Sample was prepared by dividing into two sub-
samples. One sub-sample was being processed by filtering through a 0.22 µm polycarbonate 
membrane filter to eliminate microbes whereas the other sub-sample was not processed. Both 
samples were placed in the 500ml pet bottles separately. After adjusting the chloramine levels 
equal in both sub samples, the total chlorine was monitored over time incubating in a covered 
water bath maintaining the temperature around 20 °C. Decay rate coefficients were estimated 
using exponential regression in Microsoft excel. kc value was given by the filtered water 
sample decay rate coefficient and kt  given by the not filtered sample decay rate coefficient. 
km was estimated by the difference between kt and kc. the ratio between km and kc is the Fm. 
The detailed method description is given in Figure 3.3.  
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FIGURE 3.3: Flow chart to determine microbial decay factor 
 
 
3.6  BAC column maintenance 
With the aim of reducing DOC (mainly BDOC) content of the feed water down to 0-1 mg-
C/L and to remove other impurities such as heavy metals, volatile compounds; activated 
carbon column is maintained separately.  
 
 
0.22µm filtration 
Sample  
Sub sample 1 Sub sample 2 
Filtered sample Unprocessed sample 
Follow total chlorine decay test about a week at 20°C 
Determine first order decay rate coefficients 
kt kc 
kt- kc= km 
 
 
 
Fm= km/ kc 
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FIGURE 3.4: Photograph of the BAC column setup 
 
Figure 3.4 explained the BAC column setup in the environmental engineering laboratory. The 
column was setup using a HDPE bottle by making a cut at the bottom where carbon granules 
were inserted. The bottle was held up using a clip on a stand and pipe was fixed (Inlet) to 
facilitate the water dropped into the column. Lid of the bottle was connected to another pipe 
(Outlet) where filtered water was drained out in to the water collection tank. In order to 
maintain the same water level within the column, the outlet tube was looped back right at 
about the same level in which the carbon was resided. Free flow of water discharge was 
facilitated by the hole where punched at the top of the loop. Activated carbon used in this 
experiment was untreated, chemically neutralized type in granular form..molecular weight 
and the vapour pressure of the activated carbon was 12.01 and <0.1 mmHg (in 20 
o
C) 
respectively. The surface area, as calculated from the Brunauer, Emmett, Teller equation 
from nitrogen adsorption and expressed on a dry basis, is 600-800 m
2
/g for this product. A 
water extract of a suspension of this product will have a pH of 9-11. This product was made 
from peat bog that is kiln burned until there is nothing left but carbon. Granular size of the 
Feed water tank  
Water collection tank  
BAC column  
Power supply  
Inlet  
Outlet  
44 
 
activated carbon was 2.36 mm to 4.65 mm and the volume of the column was 160 ml Water 
was fed continuously using the pump to maintain 40 minutes retention time. Temperature was 
maintained 20-23
 o
C. 
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CHAPTER FOUR 
 
Effect of NOM on Onset of Nitrification 
 
Due to the formation of disinfectant by products with the use of chlorine, application of 
chloramine as a secondary disinfectant has increased. However, other than the auto 
decomposition and reaction with the chloramine demanding compounds present in the 
distribution systems, nitrification considerably accelerates chloramine decay and accordingly 
enables to support bacterial regrowth (Harrington et al. 2002, Sathasivan et al. 2008). 
Nitrification is a process of converting free ammonia into nitrite and then nitrite into nitrate 
with the presence of AOB and NOB respectively. Their activity is heavily affected by water 
characteristics such as pH, temperature, free ammonia residual, light, dissolved oxygen, 
alkalinity, carbon (organic and inorganic) and micro-nutrients. (Zhang et al. 2009). Because 
of the toxic nature and/or competition with heterotrophic bacteria, NOM has a negative effect 
on the AOB and NOB ((Rittmann and Manem 1992). Nitrifiers and heterotrophs compete 
with each other for surface, dissolved oxygen, ammonia and nutrients. The key competitive 
disadvantage of nitrifies compared to heterotrophs is, they need considerably high amount of 
energy for the conversion of carbon dioxide to cellular carbon resulting in slower growth rate 
(Rittmann and Manem 1992). Nitrifies and heterotrophs live together in chloraminated 
systems. It was confirmed that heterotrophic bacteria population increased with the onset of 
nitrification. (Skadsen 1993, Wilczak et al. 1996, Wolfe et al. 1990). They both could live 
synergistically in chlroaminated water supply systems or the dominance of one is depending 
on the metabolites or conditions generated by the other. Moreover, SMPs released by 
nitrifying bacteria provide substrate for heterotrophic bacterial growth. Their collective effort 
could play a vital role in inhibition and consequent degradation of the chloramine residuals. 
  
In spite of the detailed study, the impact of DOC, especially the natural NOM variation from 
weather events, on nitrifiers in a chloraminated environment is not yet known. While Bal 
Krishna et al. (2012) reported the existence of SMPs, Sarker (2012) noted non-existence of 
SMPs under similar conditions. Therefore, there could be a trigger factor that promotes the 
formation of SMPs.   Increasing DOC residuals could suppress the activities of nitrifiers and 
accordingly improve the chloramine residuals or in some cases the select different nitrifiers 
altogether hence produce SMPs that eventually accelerate chloramine decay. Therefore, 
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investigating the impact of DOC on the onset of nitrification was the major goal of this study. 
Five lab-scale reactor sets were setup and operated by feeding chloraminated waters with 
various DOC residuals. Apart from that, BAC column was maintained to achieve feed water 
containing 0-1 mg-C/L DOC level. 
 
To expand the knowledge about the possible microbial communities and their abundance 
along the reactors with different DOC level containing feed water, the second experiment was 
set up. Genomic DNA from bulk water and biofilms from each of the five reactors in all 
reactor sets will be subjected to a phylogenetic analysis using 16S rRNA genes and 
microorganisms will be identified in each reactor by polymerase chain reaction (PCR). 
 
4.1  Materials and methods 
4.1.1  Experimental design 
The experiment was separated into two sets. To understand the effect of natural organic 
matter content in the feed water at the onset of nitrification, lab scale reactor sets (as detailed 
in Chapter 3) were operated separately. Reactors were fed continuously with varying DOC 
concentrations (10-12 mg-C/L, 7-8 mg-C/L, 5-6 mg-C/L, 3-4 mg-C/L and 0-1 mg-C/L) of 
water independently for approximately three months. Nitrification surrogate parameters (total 
chlorine, TAN and nitrite) were monitored two or three times a week along the reactors 
during the experimental period.  
 
The feed water collected from Orchard Hills WFP normally contains DOC level above 3 mg-
C/L. Therefore, providing the water containing 0-1 mg-C/L DOC naturally for the experiment 
was a challenge. This was fulfilled by maintaining a BAC column fed with the water having 
4-6 mg-C/L DOC level, which was collected from the WFP. Towards the detection of metal 
absorption/ adsorption by BAC, metals were extracted using protocol described below after 
four and half months of BAC column operation period. Besides, metals were extracted from 
unused GAC facilitated comparison for better understanding of removed metals. 
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4.1.2  Protocol- metal removal from BAC 
Two samples of 10 mg were collected from BAC column and prewashed unused GAC; 
placed in the 200ml pet bottles respectively. Samples were located in the oven at 70 
o
C 
temperature overnight for water removal. 100 ml of 3% nitric acid were added in to the 
samples and mixed under 70
 o
C in shaking water bath for about 10 minutes. Water samples 
were filtered in to separate containers using 0.45 μm filter papers (Nitrocellulose membrane, 
GSWP03700, Merck Millipore Ltd, Tullagreen, Carrigtwohill Co. Cork, IRL) to facilitate the 
removal of bigger particles. Metals were analyzed using ICP-MS. 
 
 
 
 
FIGURE 4.1: Detailed experimental plan-maintenance of the lab scale reactor sets with 
different DOC levels 
 
To facilitate the feed water containing 0-1 mg-C/L DOC level, water containing 4-6 mg-C/L 
DOC level was run through the BAC column. 
 
To understand the microbial chloramine decay observed in mild nitrifying stage, microbial 
decay factor was determined using R-1 filtered sample  [filtered through 0.22 µm sterilised 
33 mm syringe driven filter units [housing limit 150 psi (10 bars), non-pyrogenic, Millipore 
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Express
®
 PES Membrane, MILLEX
®
-GP, MIILIPORE IRELAND Ltd] and unprocessed 
sample( not filtered sample) as detailed in Chapter 3. Adjusted chemical parameters at the 
beginning were; total chloramine 3 mg/L (chlorine to ammonia ratio was 4:1) and pH 8.0. 
Samples were incubated in 20
 
°C for providing constant temperature. For each sample total 
chlorine, TAN and nitrite were continuously monitored over the incubation period. Total 
decay coefficient and chemical decay coefficient were estimated using exponential regression 
in Excel. Water samples were taken from the lab scale reactor set containing 7-8 mg-C/L 
DOC level. 
 
4.2 Results and discussion 
4.2.1  Reactor set operated with 10-12 mg-C/L DOC containing feed water 
With the aim of understanding the effect of higher level of natural DOC containing water on 
nitrification/ SMPs production and chloramine decay, a lab scale reactor set having 4 reactors 
was fed with 10-12 mg-C/L DOC feed water. Water samples were collected from the Orchard 
Hills WFP in summer time (Jan-March) for the reactor set and was maintained in a 
temperature controlled room (20-23
 o
C). 
 
Within the first 40 days, chloramine level gradually reduced to less than 0.3 mg/L in R-4 and 
R-3, and then it stayed below those levels until the experiment ended (Figure 4.2). Although 
this reduction of chloramine was observed, nitrite and TAN levels remained stable without 
significant changes in all reactors throughout the experimental period (Figure 4.2B & 4.2C). 
In addition, low nitrite level (less than 0.01 mg-N/L) and constant TAN levels indicate the 
absence of severe nitrification in the reactor set.  
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FIGURE 4.2: Decay profiles of the laboratory scale distribution system operated with 10-12 
mg-C/L DOC containing feed water over 75 days. ‘Feed’ represents the feed water and R-1 to 
R-4 represents the reactors from one to four. 4.2A: Total Chlorine, 4.2B: TAN and 4.2C:  
Nitrite. 
 
Chloramine level of feed water and R-1 stayed almost constant over the experimental period. 
These laboratory systems were designed according to Bal Krishna & Sathasivan (2010) 
experimental strategy with the intention of representing a real water distribution system. In 
this design, it was reported that the first two reactors were in the mildly nitrifying stage, the 
third reactor was at onset of nitrification and the last undergoing severe nitrification 
(Sathasivan et al. 2005). As such the results obtained in this experiment suggested that there 
was significant chloramine decay in mild nitrification stage. This anomaly could be due to the 
existence of heterotrophic bacteria in later part of the system (R-3 to R-5). The results 
achieved in the lab scale reactor set for the purpose of the experiment proved all reactors 
were in the mild nitrifying stage (Sathasivan 2010). This is against previous reports that 
chloramine decay does not occur when there is no severe nitrification. In previous reports 
severe nitrification was shown to set in under low chloramine residuals. This report for the 
first time showed that despite a heavy drop in chloramine residuals the onset of nitrification 
was not noted.  
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4.2.2  Reactor set operated with 7-8 mg-C/L DOC containing feed water  
DOC level of 7-8 mg-C/L feed water contained reactor set having 5 reactors was operated to 
identify the effect of stated DOC level on chloramine decay, nitrification and the production 
of SMPs. The reactor set was operated in a temperature controlled room (20-23
 o
C) and water 
was collected from the WFP in February-April 2014. 
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FIGURE 4.3: Decay profiles of the laboratory scale distribution system operated with 7-8 
mg-C/L DOC containing feed water over 75 days. ‘Feed’ represents the feed water and R-1 to 
R-5 represents the reactors from one to five. 4.3A: Total Chlorine, 4.3B: TAN and 4.3C:  
Nitrite. 
 
Decay profiles of total chlorine and nitrogenous species (TAN and Nitrite) of feed water with 
7-8 mg-C/L DOC and along the reactors (R-1 to R-4) were illustrated in Figure 4.3. In the 
first 45 days, gradual decay of chloramine in R-5 and R-4 was observed. After that, less than 
0.3 mg/L chloramine residual level was observed till the end of the operational period. With 
the consistent chloramine decay, the TAN level also started to reduce. Simultaneously, the 
nitrite level started to increase after 35 days.  Respectively, TAN loss along the reactors was 
due to TAN oxidation to nitrite by AOB as there are no other possible pathways for nitrite 
production by chemical reaction. Increase of nitrite levels along the reactors due to TAN 
oxidation demonstrated the establishment of nitrifying bacterial activities which could cause 
the chloramine decay. Feed water and R-1 stayed in a mildly nitrifying stage throughout the 
experimental period as a constant TAN and less than 0.01 mg-N/L nitrite were observed. 
Thus, R-2 is generally defined as being in a mild nitrifying stage with a nitrite level of less 
than 0.010 mg-N/L (Sathasivan et al. 2008); however, after 65 days it also started to nitrify 
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with accelerated chloramine decay. Similar behavior was noted in Sathasivan et al (2008); 
when nitrification happening (rapid reduction of ammonia and increase of nitrite), chloramine 
decay accelerated. 
 
Therefore R-2 even is considered as in severely nitrifying stage. Compared with the 10-12 
mg-C/L DOC level, the feed with the 7-8 mg-C/L DOC level promoted the onset of 
nitrification in the laboratory conditions.  
  
  
4.2.3  Reactor set operates with 5-6 mg-C/L DOC containing feed water  
DOC level of 5-6 mg-C/L feed water contained reactor set having 5 reactors was operated to 
identify the effect of stated DOC level on chloramine decay, nitrification and the production 
of SMPs. The reactor set was operated under controlled temperature conditions (20-23
 o
C) 
and water was collected from the WFP in March-May for the experiment.  
 
Decay profiles of total chlorine and nitrogenous species (TAN and nitrite) of feed water with 
5-6 mg-C/L DOC and along the reactors (R-1 to R-4) are illustrated in Figure 4.4. In the first 
10 days of the operation, slow decay of chloramine level and nitrogenous species levels were 
observed in R-4 and R-5. Accelerated loss of chloramine was observed between 10 and 25 
days. A considerable decrease of TAN levels and an associated increase in nitrite levels were 
then observed in R-4 and R-5 after 25 days and later on in R-3 as well, indicating severe 
nitrification. Feed water, R-1, and R-2 displayed stable chloramine levels throughout the 
operational period, except R-2 started to decay sharply after 55 days.  
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FIGURE 4.4: Decay profiles of the laboratory scale distribution system operate with 5-6mg-
C/L DOC containing feed water over 75 days. ‘Feed’ represents the feed water and R-1 to R-
4 represents the reactors from one to four. 4.4A: Total Chlorine, 4.41B: TAN and 4.4C:  
Nitrite. 
 
 Increased nitrite and decrease of TAN in R-2 confirmed that, it also started to nitrify with 
reduction of the chloramine residual level. Compared with the results obtained from 7-8 mg-
N/L feed water contained reactor set, 5-6 mg-C/L contained reactor set showed the 
nitrification in shorter period of time (35 and 25 days, respectively). This could be due to the 
DOC level difference in reactor sets as other parameters are almost constant (pH and 
Temperature).  
 
4.2.4  Reactor set operated with 3-4 mg-C/L DOC containing feed water 
With the aim of understanding the effect of natural DOC on nitrification/ SMPs production 
and chloramine decay, a lab scale reactor set (5 reactors) was fed with 3-4 mg-C/L DOC 
containing feed water. The reactor set was maintained in temperature controlled room (20-23
 
o
C) and water was collected from the WFP in winter time (May-July 2014) for the 
experiment. 
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Figure 4.5 reveals the decay profiles of total chlorine and nitrogenous species (TAN and 
Nitrite) of feed water with 3-4 mg-C/L DOC and along the reactors (R-1 to R-5). 
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FIGURE 4.5: Decay profiles of the laboratory scale distribution system operate with 3-4 mg-
C/L DOC containing feed water over 75 days. ‘Feed’ represents the feed water and R-1 to R-
5 represents the reactors from one to five. 4.5A: Total Chlorine, 4.5B: TAN and 4.5C:  
Nitrite. 
A sharp chloramine residual drop in R-4 and R-5 was observed after 10 days of operation and 
simultaneously, TAN levels decreased gradually down to 0.1-0.2 mg-N/L. Nitrification was 
activated (increasing nitrite level) after the chloramine level dropped below 0.5 mg/L (around 
20 days). This confirmed that the 3-4 mg-C/L feed water contained reactor set achieved the 
nitrification faster than the reactor sets discussed above.  Later on, all reactors except feed 
water and R-1 started to nitrify as it is difficult to control nitrification once started. 
 
4.2.5 Reactor set operated with 0-1 mg-C/L DOC containing feed water 
To facilitate understanding of the effect of low DOC level on nitrification/ SMP production 
and chloramine decay, a lab scale reactor set was fed with 0-1 mg-C/L DOC containing feed 
water obtained from BAC column. 
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Information of the total chlorine, nitrite and TAN profiles along the reactors ran with TOC of 
0-1 mg-C/L feed water was described in Figure 4.6. Accelerated loss of chloramine was 
detected after 6 days in R-4 and R-5. In that period, major changes in nitrite and TAN levels 
couldn’t be observed. After total chlorine residuals had dropped to about 0.75 mg/L at around 
15 days, nitrification was detected in R-5. A considerable decrease of TAN levels and 
associated increase in nitrite levels were then observed in R-4 as well. Once chloramine 
levels gradually decreased, other reactors (except R-1 and Feed water) also nitrified. In this 
low DOC level containing water, nitrification was triggered even with high chloramine 
residual level (around 0.75 mg/L). This may be due to low heterotrophic bacterial growth 
because of the low DOC level. This could be attributed to the minimal competition between 
nitrifies and heterotrophs. 
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FIGURE 4.6: Decay profiles of the laboratory scale distribution system operates with 0-1 
mg-C/L DOC containing feed water over 75 days. ‘Feed’ represents the feed water and R-1 to 
R-5 represents the reactors from one to five. 4.6A: Total Chlorine, 4.6B: TAN and 4.6C: 
Nitrite. 
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Of all these reactor sets, the earliest nitrification was observed in the feed water containing 0-
1 mg-C/L (lowest DOC level) and no nitrification occurred in the feed water containing the 
highest DOC level which is about 10-12 mg-C/L (Table 4.1). This may be due to the growth 
of heterotrophic bacteria from the increased DOC level.  Harrington et al. (2002) stated that 
the low DOC level water can delay the nitrification whereas our results showed the opposite. 
As explained earlier, this may be due to competition between heterotrophs and nitrifies for 
dissolved oxygen, ammonia and other nutrients. Even though severe nitrification did not 
happen in high DOC containing water, chloramine decay still happened. Possibilities could 
be different strains of other species which reduce chloramine at mild nitrifying conditions, or 
heterotrophs degrade the chloramine or chemical decay of chloramine in high DOC contained 
water. 
 
This reactor set was run with the low DOC water obtained from BAC filters while all the 
other reactors were run with the natural DOC contained water. This might be another reason 
to achieve the results discussed above. Liao et al. (2013) stated AOC is effectively reduced 
by the pilot scale BAC filters. If AOC plays the role, carbon to be utilized by the 
heterotrophic bacteria is removed by the BAC filters and no competition between 
heterotrophs and nitrifiers would exist.  However, this has to be further investigated. 
Production/ presence of SMPs in relation to different DOC levels will be discussed in 
Chapter 5.   
 
Table 4.1 Details of the nitrification achievement and chloramine decay in reactors fed with 
different concentrations of DOC 
 
DOC Concentration    
(mg-C/L) 
Accelerated 
chloramine decay 
No of days to 
Onset of 
nitrification 
10-12 Yes Not noted 
7-8 Yes 35  
5-6 Yes 25 
3-4 Yes 20 
0-1 Yes 15 
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4.2.6 Evidence of microbial activity controlling chloramine decay under mild 
nitrification 
 
The first order decay co-efficient observed from R-1 unprocessed sample (kt) was 0.006 hr
-1
  
and R-1 filtered sample (kc) was 0.006 hr
-1
. As Fm was calculated as 1, the chloramine decay 
in mildly nitrifying stage could be accountable in to microbial factors. 
 
Table 4.2: TAN and nitrite changes during the experimental period. 
 
Parameters R-1 unprocessed 
 
R-1 filtered 
 
Initial TAN (mg-N/L) 0.800 0.800 
TAN after one week (mg-N/L) 0.590 0.703 
Initial nitrite (mg-N/L) 0.001 0.000 
Nitrite after one week (mg-N/L) 0.001 0.000 
 
Table 4.2 presents the TAN and nitrite changes during the experimental period. After one 
week period TAN level dropped by 0.210 mg-N/L in R-1 unprocessed sample where R-1 
filtered sample indicated only the 0.997 mg-N/L reduction. But nitrite level remains stable; 
indicating the absence of AOB activity. The reduction of TAN could be due to the presence 
of ammonia oxidising microorganisms present in the water sample which also responsible for 
the microbial chloramine decay in R-1 unprocessed sample. The decay happen due to the 
ammonia oxidising microorganisms other than AOB should be further investigated. 
 
4.2.7  Confirmation with the Biostability Concept 
Chloramine decays much faster in nitrifying conditions. Therefore, once the nitrification is 
initiated, it is impossible to maintain the recommended level of chloramine in distribution 
systems even when re-chloraminated with higher doses such as 8.0 mg- Cl2/L level (Skadsen 
1993). Other than the nitrifying bacterial decay, this could be due to the presence of SMPs in 
nitrifying conditions (Bal Krishna et al . 2012). Therefore, it is important to determine which 
chloramine residual level can overcome the onset of nitrification. Consequently biostability 
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concept was used to determine the onset of nitrification (Harrington et al. 2002). Fleming et 
al. 2005 reported BRC curve produces two zones such as nitrification zone (below the curve) 
and no nitrification zone (above the curve) when the BRC is presented as a function of the 
free ammonia concentration. In this experiment values proposed by Sathasivan et al. (2008) 
(μm/kd = 2 and Ks = 0.18) were used to derive the BRC curves in each DOC concentration 
containing reactor sets.   
 
  
 
  
 
FIGURE 4.7: Testing confirmance with the BRC concept using the literature proposed 
coefficients of Sathasivan et al., 2008 (μm/kd = 2 and Ks = 0.18) for the performance of 
reactors operated with DOC levels from 3 – 12 mg/L. 
 
In 10-12 mg-C/L DOC containing reactor set, nitrification could not be observed. Therefore 
BRC curve did not produce two zones such as nitrifying and non-nitrifying. All other DOC 
levels except for 0-1 mg-C/L DOC containing reactor set clearly distinguished nitrifying and 
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non-nitrifying zones with BRC curves derived from the values proposed by Sathasivan et al. 
(2008). 
 
 
 
FIGURE 4.8: BRC curve adjustment for the BAC treated water 
 
Water for the 0–1 mg-C/L DOC reactor set was obtained from the BAC column. In the 
reactor fed with this BAC treated and low DOC containing reactor showed the results did not 
confirm with the BRC curve proposed by Sathasivan et al. 2008. The curve has to be lifted up 
indicating the curve proposed by Sathasivan et al. 2008 had some inhibitory effect naturally 
present in the water.   
 
4.2.8  BAC column  
One of the known inhibiting substances that present in trace levels in the water are metals and 
it is well known granular activated carbon removes them effectively. Therefore the water was 
tested for the metal concentration in the inlet and the concentration was found to be below the 
detection limit. To understand what metals are removed by the GAC column, the activated 
carbon was washed to elute the metal content at the beginning (before feeding any water) and 
after operation for 4.5 months. Other than dropping the DOC level, some heavy metals were 
also removed /reduced by the BAC column as shown in the Table 4.3.  
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Table 4.3: Details of the metal extracted from BAC before column was operated and after 
4.5 months column was operated. 
 
 
Elements extracted Before column operated 
(mg/L) 
After 4.5 months period 
of  column operated 
(mg/L) 
Cd 0.0065 0.008 
Cu 0.38 1.98 
Pb Less than 0.00001 0.703 
Zn 0.206 More than 5 
Mn 2.63 3.52 
Ni 0.02 0.17 
 
It is already known that, these metals act as inhibitors on nitrification process. Ni, Cd and Pb 
have inhibitory effect on nitrification with the highest inhibition of Ni and the least inhibition 
of Pb in activated sludge process (You, Tsai and Huang 2009). Cecen, Semerci and Geyik 
(2009) reported that the inhibition of metals on nitrification as Ni> Zn> Cu> Co on oxygen 
consumption basis in terms of the total metal content in the media. Therefore further 
investigation of metal absorption of drinking water by BAC filters has to be carried out. 
 
4.3  Conclusions 
Five lab scale reactor sets were operated by feeding different DOC levels containing water 
(10-12, 7-8, 5-6, 3-4 and 0-1 mg-C/L) to understand the impact of DOC on the onset of 
nitrification. The major conclusions from this study are as follows: 
 High DOC concentrations greatly suppressed the onset of nitrification in lab scale 
systems. Nitrification could not be achieved with the 10-12 mg-C/L feed water. 
 Number of days for the achievement of nitrification varied with the DOC 
concentration of the feed water. The 7-8 mg-C/L DOC feed water fed reactor took the 
maximum number of days for achievement nitrification (35 days).  About 25, 20 and 
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15 days were taken by the reactors fed with water having 5-6 mg-C/L, 3-4 mg-C/L 
and 0-1 mg-C/L DOC level, respectively. 
 Chloramine decay in mild nitrifying stage was controlled by microorganisms other 
than AOB 
 BAC column removed metals such as cupper, led, zinc and manganese present in the 
feed water. 
 BAC treatment has reduced the inhibition of the ammonia oxidizing microorganisms 
(AOM) and hence the coefficients defining BRC curve applicable to many 
conventionally treated waters, needed modification. 
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CHAPTER FIVE 
 
Effect of feed water DOC on Abundance of SMPs in Severely 
Nitrified Water 
 
It is a challenge to maintain sufficient chloramine residual throughout the year in 
chloraminated systems. Traditionally, it is believed a microbial process; especially 
nitrification is responsible for accelerating chloramine decay under nitrifying conditions. It 
has been widely stated that nitrifying bacterial activity can release SMPs (Wolfe et al. 1990, 
Wilczak et al. 1996, Furumai and Rittmann 1992, Rittmann et al. 1994). In addition, Noguera 
et al. (2009) reported that SMPs produced under nitrifying conditions could help 
heterotrophic bacterial growth and hence accelerates the chloramine decay. Detecting 
chloramine decay characteristics in filtered severely nitrifying water samples, Bal Krishna 
and Sathasivan (2012) for the first time reported that, SMPs which are occasionally produced 
in the nitrified systems could accelerate chloramine decay. The SMPs are suspected to be 
protein(s) since action of the SMPs on chloramine decay rate is catalytic in nature. This 
catalytic reaction accelerates both auto decomposition and nitrite oxidation. 
 
To separate and identify the proteins, it is important to consistently produce SMPs. However, 
Tan, 2008 and Sarker, 2012 reported there can be situations when SMPs type behaviour is not 
noted under nitrifying conditions. If nitrifiers are responsible for the production of SMPs, it is 
well known that the growth of nitrifiers are significantly affected by the presence of organic 
matter when heterotrophic bacteria competes with nitrifiers. In addition, different DOC level 
may host different microbes and hence may be responsible for different behaviour observed 
by Tan, 2008 and Sarker, 2012. With the intention of consistently producing and identifying 
SMPs, its production/presence in reactors fed with different DOC containing waters was 
examined. 
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5.1  Materials and Methods 
5.1.1  Experimental design 
To clarify the effect of DOC content on the production of SMPs, chloramine decay tests were 
carried out for filtered and non-filtered water samples from severely nitrified and non- 
nitrified water samples collected from reactor sets running with different DOC levels. 
Samples were filtered through 0.22 µm sterilised 33mm syringe driven filter units [housing 
limit150 psi (10 bars), non-pyrogenic, Millipore Express
®
 PES Membrane, MILLEX
®
-GP, 
MIILIPORE IRELAND Ltd] to remove microbes. Filtered and unprocessed (not filtered) 
samples were placed in 500 ml PET bottles. Initial chemical compositions such as chloramine 
residual (maintaining Cl-to- TAN ratio of 4:1), nitrite and pH were adjusted in each sample 
using respective stock chemical solutions. Adjusted chemical parameters were; total chlorine; 
2.5-3.5 mg/L, nitrite 0.3-0.4 mg-N/L and pH 7.9-8.1. Samples were incubated at 20
 °
C for 
providing constant temperature. For each sample, total chlorine was monitored over time and 
the decay co-efficient was estimated using exponential regression in Excel 
(Microsoft®).When the time of adding chlorine in to the sample, the same dose was applied 
to MilliQ water to ensure that the correct dose was applied. All experiments were done in 
duplicate. 
 
 
 
 
 
 
 
 
 
 
 
68 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5.1 Detailed experimental plan for checking the presence of SMPs. Severely 
nitrified reactor water samples were collected in lab scale reactor sets containing different 
DOC levels. 
 
 
5.2  Results and Discussion 
5.2.1  Reactor set fed with the water containing 7-8 mg-C/L DOC level 
To determine the presence of SMPs with different DOC containing nitrified bulk water, water 
samples were collected from R-5 (severely nitrified sample) and Feed water (no nitrified 
sample). Chloramine decay characteristics observed in the unprocessed and filtered R-5 
samples and feed water are represented in Figure 5.2. 
Reactor water (2L) 
Follow total chlorine decay test about a week at 20 ○ C 
 
Determine first order decay rate coefficients 
 
Sub sample 1 Sub sample 2 
0.22 μm Filtration 
 
Filtered Sample 
 
Unprocessed Sample 
 
Adjust the parameters (Chlorine, TAN, pH and Nitrite) 
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FIGURE 5.2: Chloramine decay profiles of R-5 and feed water collected from reactor set fed 
with 7-8 mg-C/L DOC containing water. ‘Unprocessed’ represents the not filtered samples 
where ‘filtered’ represents the filtered samples through 0.22 μm. 
 
The decay coefficients were 0.031, 0.010, 0.009 and 0.009 hr
-1 
in unprocessed R-5, filtered R-
5, and unprocessed feed and filtered feed water respectively. Chloramine was measured as 
total chlorine. Rapid chloramine loss was observed only in an unprocessed R-5 sample 
compared to filtered samples and unprocessed feed water sample. Chloramine loss was 
expressively high in the early days and chloramine dropped to below the detection limit 
within six days of incubation for R-5 unprocessed sample. In R-5 filtered sample reported 
more than 0.6 mg/L chloramine level after the same number of days. Additionally, similar 
results were obtained from mildly nitrified filtered (feed filtered) and unprocessed (feed 
unprocessed) samples. 
 
Nitrite is only produced by AOM (Sathasivan et al. 2008) in nitrification processes. Nitrite 
concentration increased with the reduction of TAN concentration in R-5 unprocessed sample 
compared to other samples (Figure 5.2), confirming the presence of AOM in R-5 unprocessed 
sample. R-5 filtered and mild nitrified samples (feed filtered and feed unprocessed) did not 
contain AOB as production of nitrite could not be observed.  
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FIGURE 5.3: Decay profiles in the unprocessed and filtered bulk water samples from feed 
and R-5. 5.3A: TAN and 5.3B: Nitrite profiles. Feed water had nitrite level adjusted to R-5 
sample’s nitrite levels. 
 
When the SMPs are present, nitrified filtered samples reported a significantly high decay rate 
co-efficient (Bal Krishna 2012). Compared with the R-5 unprocessed sample, all other 
samples were showed a low decay rate co-efficient. Therefore, according to the results from 
the experiment, accelerated chloramine decay couldn’t be witnessed in high DOC containing 
nitrified filtered water, confirming the absence of SMPs in the nitrified reactor (R-5) fed with 
the 7-8 mg-C/L DOC containing water. 
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5.2.2  Reactor set fed with the water containing 5-6 mg-C/L DOC level 
Figure 5.3 illustrated the chloramine decay characteristics observed in unprocessed and 
filtered R-5 and feed water obtained from 5-6 mg-C/L DOC containing reactor set. The decay 
coefficients were 0.027, 0.021, 0.009 and 0.009 hr
-1
 in unprocessed R-5, filtered R-5, 
unprocessed feed water and filtered feed water, respectively. 
 
 
 
FIGURE 5.4 Chloramine decay profiles of R-5 and feed water collected from reactor set fed 
with 5-6 mg-C/L DOC containing water. ‘Unprocessed’ represents the not filtered samples 
where ‘filtered’ represents the filtered samples through 0.22 μm. The feed water had nitrite 
level adjusted to R-5 sample’s level. 
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FIGURE 5.5: Decay profiles in the unprocessed and filtered bulk water samples from feed 
and R-5. 5.5A: TAN and 5.5B: Nitrite profile 
 
Both filtered and not filtered samples from R-5 expressed the rapid chloramine decay 
behaviours. There was a 0.061 hr
-1
 decay rate coefficient difference observed in the filtered 
and unprocessed sample in R-5. This difference could be explained by the absence of 
microbes/nitrifiers as nitrite concentration and TAN concentration did not drastically changed 
in the filtered water sample compared with the R-5 unprocessed sample (Figure 5.5), but is 
more than the drop with the feed water containing same level of nitrite. Similarly, the nitrite 
drop in the filtered R-5 sample had the same pattern in the first few hours as that in the 
unprocessed sample. The decay rate coefficient in the filtered R-5 sample is also much higher 
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compared with the nitrite adjusted feed water. This verified that the rapid acceleration in the 
filtered R-5 water sample was not due to microbial activity nevertheless due to the SMPs 
released in severely nitrified stage.  
 
 
5.2.3  Reactor set fed with the water containing 3-4 mg-C/L DOC level 
Figure 5.6 reveals the chloramine decay characteristics observed in unprocessed and filtered 
samples from R-5 and feed water obtained from 4-5 mg-C/L DOC containing reactor set.  
The decay coefficients observed were 0.028, 0.024, 0.008 and 0.008 hr
-1
  in unprocessed R-5, 
filtered R-5, unprocessed feed water and filtered feed water, respectively. 
 
 
 
FIGURE 5.6:  Chloramine decay profiles of R-5 and nitrite adjusted feed water, collected 
from reactor set fed with 3-4 mg-C/L DOC containing water. ‘Unprocessed’ represents the 
not filtered samples where ‘filtered’ represents the filtered samples through 0.22 μm. 
 
Similar to the results obtained from 5-6 mg-C/L DOC level containing reactor set, R-5 
filtered and R-5 unprocessed samples expressed the rapid chloramine decay behaviours. Bal 
Krishna et al. (2012) proved that the SMPs were responsible for acceleration of chloramine 
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decay in nitrified bulk water samples. Between filtered and unprocessed samples obtained 
from R-5, the difference in decay rate coefficients was 0.04 hr
-1
. This difference is lower than 
the decay rate difference observed from the samples collected in 5-6 mg-C/L DOC containing 
lab scale reactor set. This could be due to higher SMPs production in nitrified samples 
collected from the 3-4 mg-C/L lab scale reactor set. 
 
  
 
 
 
 
FIGURE 5.7: Decay profiles in the unprocessed and filtered bulk water samples from feed 
and R-5. 5.8A: TAN and 5.8B: Nitrite profile 
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As increase of nitrite concentration and decrease of TAN concentration was noticed only in 
the R-5 unprocessed sample (Figure 5.7), sudden loss of chloramine in the R-5 filtered could 
be concluded due to the presence of SMPs released in severely nitrified condition. Decay 
characteristics obtained from filtered feed water samples explained the absence of SMPs in 
mildly/no nitrified stage as similar to the results expressed in Sathasivan (2008). 
 
5.2.4  Reactor set fed with the water containing 0-1mg-C/L DOC level 
Samples for the experiment were collected from the reactor set operated with water obtained 
from the BAC column. Chloramine decay characteristics observed in unprocessed and 
filtered R-5 and feed water are presented in Figure 5.8. The decay coefficients were 0.034, 
0.021, 0.009 and 0.009 hr
-1
 in unprocessed R-5, filtered R-5, unprocessed feed water and 
filtered feed water, respectively. 
 
 
 
 
FIGURE 5.8: Chloramine decay profiles of R-5 and nitrite adjusted  feed water, collected 
from reactor set fed with 0-1 mg-C/L DOC containing water. ‘Unprocessed’ represents the 
not filtered samples where ‘filtered’ represents the filtered samples through 0.22 μm. 
 
Accelerated chloramine decay was detected in filtered and unprocessed R-5 bulk water sample. 
Comparing the nitrite and TAN concentration results in the Figure 5.10, this accelerated decay of 
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chloramine in the filtered sample proves the presence of SMPs. Mild nitrified samples obtained 
from feed water did not show nitrite or SMPs. 
 
 
  
 
 
FIGURE 5.9: Decay profiles in the unprocessed and filtered bulk water samples from feed 
and R-5. 5.10A: TAN and 5.10B: Nitrite profile 
 
Similar to the results obtained from 5-6 mg-C/L and 4-5 mg-C/L DOC containing water, it also 
confirmed that the SMPs released/ produced by nitrified water containing 0-1 mg-C/L DOC 
containing reactor set. 
 
The reason for the different nitrite levels after 6 days of incubation period in unprocessed R-5 
samples collected from different DOC level containing reactor sets could be due to the AOM 
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population and initial nitrite level differences. Variations in initial nitrite level could be the 
reason for variations in final nitrite level in filtered samples and unprocessed feed samples 
collected from different DOC concentration contained water. 
 
 
Table 5.1: Decay rate coefficients of nitrite adjusted filtered R-5 and feed water samples in 
different DOC levels. 
 
 
 
Table 5.1 illustrated the decay rate coefficients in nitrite level adjusted 0.22 μm filtered R-5 
and feed water samples obtained from operating a lab scale reactor set with different DOC 
containing surface water. The results clearly demonstrate the effect of DOC level on SMPs 
production. Maximum SMPs production was detected in 3-4 mg-C/L DOC containing lab 
scale reactor set, besides minimum SMPs production ( no SMPs) reported on 7-8 mg-C/L 
DOC containing lab scale reactor set. Experiments carried out for further identification of 
SMPs will be conducted using 5-6, 3-4 or 0-1 mg-C/L DOC containing reactor set. 
 
 
 
 
 
 
 
 
 
 
 
DOC level in lab scale reactor set   (mg-C/L) 7-8 5-6 3-4 0-1 
Adjusted nitrite levels (mg-N/L) 0.32 0.32 0.32 0.32 
Decay rate coefficients in filtered R-5 water 
sample (hr
-1
) 
0.011 0.21 0.24 0.21 
Decay rate coefficients in filtered feed water 
sample (hr
-1
) 
0.011 0.009 0.008 0.009 
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Table 5.2 Accelerated chloramine decay, onset of nitrification and presence of SMP with 
reactor sets operated with different DOC levels around 75 days.   
 
DOC Concentration    
(mg-C/L) 
Accelerated 
chloramine 
decay 
No of days to Onset of 
nitrification 
Presence of SMPs 
10-12 Yes Not noted within 75 days No 
7-8 Yes 35 No 
5-6 Yes 25 yes 
3-4 Yes 20 yes 
0-1 Yes 15 yes 
 
 
How natural variation in DOC concentration impacts on accelerated chloramine decay, onset 
of nitrification and presence of SMPs are represented the Table 5.2.  Based on the results 
achieved in this experiment, DOC concentration does not effect on the accelerated 
chloramine decay whereas number of the days for the onset of nitrification increased with the 
increase of DOC concentration. As data were collected only for 75 days for each lab scale 
reactor sets, It cannot be concluded that the onset of nitrification does not happen in high 
DOC levels as 10-12 mg-C/L. Therefore further experiments should be carried out for higher 
DOC concentration with regard to the longer time, to establish if high level DOC really 
impact on onset of nitrification. As it is unlikely to have such a high concentration of DOC in 
distribution systems, it is not important to carry out further experiments on high DOC 
containing water. 
  
SMPs are not present in higher DOC levels such as 10-12 and 7-8 mg-C/L, but it does not 
depend on the lower DOC concentrations (5-6, 3-4 and 0-1 mg-C/L) as precented in the Table 
5.2. 
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5.3  Conclusions 
Four nitrified lab scale reactor sets were operated with water containing various DOC 
concentration, to understand the impact of DOC level on the production of SMPs. 
Chloramine decay experiments were conducted by separating the microbial and chemical 
agents to understand the role of DOC on the SMP production. The major conclusions made 
from this study are as follows: 
 Presence of high DOC level (7-8 mg-C/L) greatly suppressed the production of SMPs 
in the lab scale reactor set. 
 Maximum SMPs production was obtained from the 3-4 mg-C/L DOC containing lab 
scale reactor set. 
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CHAPTER SIX 
 
Separation and Identification of SMPs Accelerating Chloramine 
Decay 
 
Chloramine is a common choice for many water utilities as a secondary disinfectant. 
However, chloramine is a characteristically unstable disinfectant. It decays by itself even in 
the absence of oxidizable matters (Jafvert et al. 1992) and reacts with chloramine demanding 
compounds present in the systems. In its decay, chloramine liberates free ammonia, which is 
an energy source for indigenous nitrifiers. It is believed that nitrification is the most 
important chloramine loss mechanism through microbial activities and chemical reactions. It 
has been extensively specified that nitrifying bacterial activity can release SMPs in 
wastewater (Furumai and Rittmann, 1992, Rittmann et al.1994).  Bal Krishna et al (2012) for 
the first time reported the presence of SMPs in nitrified water samples obtained from 
chloraminated systems. Molecular weight (MW) of SMPs expands in wide range.  It is found 
that a majority of SMPs have a MW 1 kDa or greater than 10 kDa, and that a minority of 
SMPs has a MW between 1 and 10 kDa (Jarusutthirak and Amy 2006). In nitrified water 
samples of chloraminated systems, SMPs present in very fewer amounts. For the 
identification of SMPs, it is necessary to separate and concentrate SMPs. Ultra-centrifugation 
is one of the simple method which can be practiced for the size separation and concentration 
of protein from solutions (Filik and Stone 2009). As SMPs are confirmed as proteins (Bal 
Krishna et al. 2012, Chapter 5), even a simple protein separation technique like filtering 
should be able to separate SMPs from water samples. 
 
In this study, 100 kDa, 50 kDa and 30 kDa ultra centrifugal filters were used to separate 
SMPs from the nitrified bulk water samples. Using centrifugal filters above 10 kDa in size 
assists to get rid of the NOM (size varies in 0.1 kDa to 10 kDa, Wilkinson 2007) which can 
affect the identification process. Once the correct size was determined through ultra-
centrifugation, NMR spectrometry and gel electrophoresis (GE) followed by mass 
spectrometry (MS) were used to identify the separated protein.   
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6.1  Materials and methods 
Three sets of experiment were conducted with feed water and R-5 bulk water which were 
collected from 0-1 mg-C/L DOC containing reactor set for separation and identification of 
SMPs. First experiment was conducted to separate SMPs from the nitrified bulk water 
samples where the second experiment was identification of separated SMPs. As SMPs could 
not be identified through NMR spectrometry (second experiment), third experiment had to be 
conducted for further separation, concentration and identification through GE and MS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6.1: Details of experimental plan in this study 
 
 
 
Collect nitrified bulk water from 0-1 mg-C/L 
DOC reactor set 
Collect feed water containing 
0-1 mg-C/L DOC level 
Filter through .22 
Third experiment:                      
Further separation, concentration 
and identification of SMPs  
First experiment:                
Separation and concentration of 
SMPs 
 
 
Second experiment:                        
30 KDa filtration 
Filter through 0.22 μm membrane to eliminate microbes 
100 kDa 
50 kDa 
30 kDa 
NMR spectrometry 
GE and MS 
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6.1.1  First experiment 
In the first experiment, centrifugal ultra-filtration was chosen to separate SMPs in the 
nitrified water samples. This technique uses a membrane filter with a set molecular mass to 
retain large molecules while allowing smaller ones to pass through. Since the membrane 
filters (Figure 6.2) available only to separate proteins into a broad range of masses, it may not 
be possible to assign a spectrum to a single protein but only to a mixture of proteins that lie 
within a certain mass range.        
 
     
FIGURE 6.2: ultra-centrifugal filter unit 
 
Centrifugal filter units were purchased from Millipore, Corp. in 100, 50 and 30 kDa filter 
sizes. These filters were used to narrow down the sample volume by concentrating the SMPs 
contained water sample. 
 
Figure 6.3 describes the preparation of retentate and filtrate through ultra-centrifugation. 
Filtered 15 ml of R-5 water sample was poured into the filter device each time. After placing 
the filter device into the centrifuge tube, capped filter unit was spinned for about 6 minutes 
under 4000*g in centrifuge rotor, balancing with a similar device. Concentrated solution 
which is known as centrifugal retentate was extracted using micropipette and mixed with the 
0.22 µm filtered mildly nitrified water sample (feed water) to create the R-5 100/50 or 30 
Cap 
Filter device 
Centrifuge tube 
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kDa retentate sample. R-5 100/50 or 30 kDa filtrate sample was collected from centrifugal 
retentate, which was gathered into the centrifuge tube. Samples R-5 0.22 μm filtered and feed 
0.22 μm filtered represented the 0.22 µm filtered water from R-5 and feed respectively 
(Figure 6.4). 
 
            
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6.3: Sample preparation through centrifugation 
 
Chloramine decay tests were conducted for the R-5 0.22 μm filtered, feed 0.22 μm filtered, R-
5 100/50 or 30 kDa filtrate and R-5 100/50 or 30 kDa retentate samples as described in 
Figure 6.4. Initial chemical compositions such as chloramine residual (maintaining Cl-to-
TAN ratio of 4:1), nitrite and pH were adjusted in each sample using respective stock 
chemical solutions. Adjusted chemical parameters were; total chloramine, 2.5-3.5 mg/L; 
nitrite 0.3-0.4 mg-N/L and pH 7.9-8.1. Samples were incubated at 20 
○
C for providing 
constant temperature. For each sample total chlorine was monitored over time and the decay 
co-efficient was estimated using exponential regression in Excel (Microsoft®).When the time 
of adding chlorine into the sample, the same dose was applied to Milli-Q water and a 
measurement was made to ensure that the correct dose was applied. All experiments were 
done in duplicate. To avoid possible contaminations, experiment was conducted under a fume 
hood wearing appropriate cloths, gloves and a mask. 
 
Spin to concentrate 
in centrifuge 
Fill the filter device 
with the sample  
Retentate  
Filtrate  
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Feed 0.22 μm 
filtered 
R-5 100/50 or 30 kDa retentate 
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kDa  filtrate 
           
 
 
 
 
 
 
 
 
 
   
  
                                                                                              
  
 
 
 
 
 
 
 
FIGURE 6.4:  Detailed experimental plan for the first experiment  
 
6.1.2  Second experiment 
After the successful separation of SMPs using 30 kDa centrifugal filter units, NMR 
spectrometry was used to identify the separated protein. Due to the minimum sample amount 
for an analysis and easy sample preparation, NMR technique was selected to identify SMPs. 
Nonetheless, NMR spectroscopy fulfils an important role through its ability to produce 
unmatched structural information and also to provide data on both intermolecular and 
Collect severely nitrified bulk water 
from R-5  
Filter through 0.22 μm membrane to eliminate microbes 
Follow total chlorine decay test about a week at 20 ○ C 
 
Ultracentrifugation for protein separation 
(30 kDa, 50 kDa and 100 kDa) 
 
Centrifugal retentate (less 
than 10 ml) 
 
 
Centrifugal filtrate 
 Feed water 
Filter through 0.22 μm membrane 
to eliminate microbes 
Adjust the parameters (Chlorine, TAN, pH and Nitrite) 
Centrifugal retentate+ feed filtered  
Determine the first order decay rate coefficients 
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intramolecular dynamics. NMR spectra are highly unique, analytically manageable and often 
highly predictable for small molecules. Thus, in organic chemistry practice, NMR analysis is 
used to confirm the identity of a substance. Different MHz of NMR spectrometers are used to 
analyse molecules such as 300 MHz, 400 MHz, 500 MHz and 900 MHz. 
 
All NMR experiments were outsourced to relevant professionals at the NMR laboratory at the 
UWS Campbelltown campus. A concentrated volume of a severely nitrified sample (850 
millilitres in to 4 millilitres) was prepared using 30 kDa ultra centrifugal filters for NMR 
experiments. Water used for the concentration was taken from 3-4 mg-C/L DOC level 
containing lab scale reactor set. 
 
 
                              
 
FIGURE 6.5:  900MHz NMR spectroscopy and NMR tube 
 
600 µl of sample (90% original sample and 10% D2O) was filled in to the NMR tube and 
samples were detected in the 400 MHz NMR spectrometer over an hour. NMR tubes are 
typically made of borosilicate glass. The most common available sizes are 17 cm and 20 cm 
in length and 0.5 cm tube outer diameter. Other than that, 0.3 cm and 1 cm outer diameters 
are available as well. In this experiment, 0.5 cm diameter with 20 cm long tubes were used. 
 
 
NMR tube 
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6.1.3  Third experiment 
 Since NMR spectrometry could not detect proteins, the third experiment was carried out. 
Samples were prepared and sent off for further analysis via GE with MS in the medical 
college of UWS in Campbelltown. Nitrified water samples collected from 0-1 mg-C/L DOC 
containing reactor set were used for this experiment. 
 
    
 
                                                   
  
 
 
 
 
                                                                      
 
 
 
                                                           
 
                                                             
                                                      
 
FIGURE 6.6: Sample collection for the GE and MS 
Collect severely nitrified bulk water 
from R-4  
Filter through 0.22 μm membrane to eliminate microbes 
30 kDa ultracentrifugation 
 
R-4 unprocessed  
 R-4 0.22 μm filtered  
30 kDa retentate 
Filter device washed 
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Severely nitrified bulk water sample obtained from R-4 was filtered through 0.22 µm 
sterilised syringe driven filter units [housing limit1 50 psi (10 bars), non-pyrogenic, 33 mm 
diameter, Millipore Express
®
 PES Membrane, MILLEX
®
-GP, MIILIPORE IRELAND Ltd] 
to remove microbes. This sample was then subjected to 30 kDa ultra-centrifugation for about 
6 minutes under 4000*g in rotor centrifuge. Centrifugal retentate was collected (concentrated 
2 L of severely nitrified water in to 3 ml concentrate) into a sterilised cap sealed tube and 
immediately placed in the refrigerator until it was sent to the medical faculty, Campbelltown 
campus (Figure 6.6- 30 kDa retentate).  
 
R-4 unprocessed sample and R-4 0.22 µm filtered sample represent the 2 L of not filtered 
water collected from R-4 and 0.22 μm membrane filtered R-4 water respectively (Figure 6.6). 
Filter device washed sample was prepared by washing the centrifugal filter device with Milli-
Q water to capture the proteins trapped in the filter device. To avoid possible contaminations, 
experiment was conducted under a fume hood wearing appropriate cloths, gloves and a mask. 
All samples were sent to the Campbelltown in the following day for protein identification 
process. 
 
6.3  Results and discussion 
6.3.1  Ultra-centrifugation with 100 kDa filter units 
In this study, 100 kDa ultra-centrifugal filter was used to separate and concentrate SMPs 
from the nitrified bulk water samples. Chloramine decay profiles of feed 0.22 μm filtered, R-
5 0.22 μm filtered, R-5 100 kDa filtrate and R-5 100 kDa retentate were illustrated in Figure 
6.3. The chlorine decay coefficients were 0.022, 0.007, 0.016 and 0.007 hr
-1
 for R-5 0.22 μm 
filtered, Feed 0.22 μm filtered, R-5 100 kDa filtrate and R-5 100 kDa retentate respectively. 
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FIGURE 6.7: Chloramine decay profiles after filtering through 100 kDa centrifugal filter 
units.  
As SMPs were defined to be catalytic in nature (Bal Krishna et al. 2012), the presence of 
SMPs assist the acceleration of chloramine decay in water samples. According to the results 
illustrated in Figure 6.7, a rapid chloramine loss was observed in R-5 0.22 μm filtered sample 
confirming the presence of SMPs. Feed 0.22 μm filtered water sample expressed the low 
decay rate (0.007 hr
-1
) since it was in non -nitrified/mildly nitrified stage and was followed by 
no SMPs.  
 
Presence/ introduction of SMPs in to the mild nitrifying water could also provide the catalytic 
reaction when the other conditions (pH, nitrite level and temperature) are similar to the 
severely nitrifying stage. Therefore, if SMPs were successfully separated through 100 kDa 
centrifugal filters, a clearly distinguished higher decay rate close to R-5 0.22 μm filtered 
sample should be obtained from the R-5 100 kDa retentate water sample as it fulfils above 
conditions. Nevertheless it was unlikely to observe exact decay rate, as the R-5 0.22 μm 
filtered sample consists the recovery errors due to the ultra-centrifugation. However it has 
given the low decay rate (0.007 hr
-1) as observed in feed 0.22 μm filtered. 100 kDa 
centrifugal filter units were not separated SMPs from nitrified bulk water samples could be 
the most likely reason for this observation.  
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Instead of retentate, the R-5 100 kDa filtrate recorded higher (0.016 hr
-1
) decay rate which 
was close to the R-5 0.22 μm filtered sample. The decay rate difference of 0.006 hr-1 
compared with the R-5 0.22 μm filtered sample possibly be due to the lower recovery 
percentage achieved after ultra-centrifugation. If SMPs were effectively separated from 100 
kDa centrifugal filters, a lower decay rate should be observed in the R-5 100 kDa filtrate 
sample due to the removal of SMPs through ultra-centrifugation. SMPs might have passed 
through the 100 kDa filter as they are probably smaller than 100 kDa in size. To confirm that, 
it is important to verify the sterility of the samples (null nitrite production) and that the decay 
rate is analogous to the SMPs behaviour. 
 
 
 
 
FIGURE 6.8: Decay profiles of 0.22 μm filtered and 100 kDa centrifugal bulk water samples 
from feed and R-5. 6.8A: TAN and 6.8B: Nitrite profile. 
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The initial sudden loss (within the first 15 hours) of TAN in R-5 0.22 μm filtered and the R-5 
100 kDa filtrate samples (Figure 6.8A) and faster nitrite loss (Figure 6.8B) is consistent with 
the presence of SMPs (Sathasivan and Bal Krishna, 2012). After the first 15 hours, 
continuous slow decrease of TAN was noted in the SMPs contained samples (R-5 0.22 μm 
filtered  and the R-5 100 kDa filtrate) whereas TAN loss was comparatively slower from the 
beginning in the other samples. Similarly, within the first 25 hours nitrite residuals dropped 
rapidly from 0.32 mg-N/L to 0.16 mg-N/L in SMPs presented samples. Afterwards nitrite 
level was almost stable throughout the experimental period (225 hours) while from the 
beginning, rapid decay could not noticed in no SMPs samples (R-5 100 kDa retentate and 
Feed 0.22 μm filtered) and continuously decayed throughout the experimental period.  
 
The results obtained from this study confirmed that the 100 kDa centrifugal filters are not 
capable of separating SMPs. Therefore, 50 kDa filter units were used to isolate SMPs from 
nitrified waters.   
 
6.3.2  Ultra-centrifugation with 50 kDa filter units 
In this trial, 50 kDa centrifugal filter units were used to separate SMPs as 100 kDa centrifugal 
filter units failed to separate SMPs from nitrified bulk water samples. Chloramine decay 
profiles of R-5 0.22 μm filtered, feed 0.22 μm filtered, R-5 50 kDa filtrate and R-5 50 kDa 
retentate were illustrated in Figure 6.9. The chlorine decay coefficients were 0.022, 0.007, 
0.015 and 0.007 hr
-1
 for R-5 0.22 μm filtered, feed 0.22 μm filtered, R-5 50 kDa filtrate and 
R-5 50 kDa retentate respectively. 
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FIGURE 6.9: Chloramine decay profiles after filtering through 50 kDa centrifugal filter 
units.  
 
Similar to the results obtained from 100 kDa centrifugation, R-5 50 kDa filtrate sample 
demonstrated higher decay rate coefficient closer to the R-5 0.22 μm filtered sample whereas 
R-5 50 kDa retentate sample was observed the lower decay rate coefficient closer to feed 
water samples. These results confirmed that, 50 kDa centrifugal filters were also not effective 
for the separation of SMPs from nitrified bulk water samples. 
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FIGURE 6.10: Decay profiles of 0.22 μm filtered and 50 kDa centrifugal bulk water samples 
from feed and R-5. 6.10A: TAN and 6.10B: Nitrite profile 
  
Besides, Figure 6.10 provided the evidence of microbial absence and presence of SMPs in R-
5 0.22 μm filtered sample and R-5 50 kDa sample. TAN concentration did not decrease with 
the time as it resulted in R-5 not filtered sample (Chapter 5). Opposed to the nitrite results 
obtained from Chapter 5, nitrite reduction was detected in all filtered samples confirming the 
microbial activity was absent. Variations in the centrifuge filtrate samples indicated the 
presence SMPs activity similar to the one observed with 100 KDa filtrate sample.  
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6.3.3  Ultra-centrifugation with 30 kDa filter units 
In the first two trials, 100 kDa and 50 kDa centrifugal filter units were tested to isolate SMPs 
from water samples and results achieved confirmed those cut off sizes are not suitable for this 
purpose. Therefore, 30 kDa ultra-centrifugal filter units were used in the third trial.  
 
 
FIGURE 6.11: Chloramine decay profiles after filtering through 30 kDa centrifugal filter 
units. 
 
Chloramine decay profiles of R-5 0.22 μm filtered, feed 0.22 μm filtered, R-5 30 kDa filtrate 
and R-5 30 kDa retentate are illustrated in Figure 6.11. The chlorine decay coefficients were 
0.022, 0.007, 0.007 and 0.014 hr
-1
 for feed 0.22 μm filtered, R-5 30 kDa filtrate and R-5 30 
kDa retentate samples respectively. A high decay rate coefficient of 0.014 hr
-1
 for R-5 30 kDa 
retentate and low decay rate of 0.007 hr
-1
 for R-5 30 kDa filtrate were recorded after the 30 
kDa ultra-centrifugation. As explained earlier, if SMPs were separated by centrifugal filters, 
the retentate should catalyse chemical reactions and performed high decay rate even after 
being introduced into the mild/non-nitrified water. Other than that, lower decay rate should 
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be recorded with successful filtration as filtrate would not contain SMPs. This explanation 
was correspondent with the decay results observed from the 30 kDa centrifugal filter units. 
 
Therefore 30 kDa centrifugal filters could be used for the successful separation of SMPs from 
nitrified bulk water samples.  
 
 
 
 
 
FIGURE 6.12: Decay profiles of 0.22 μm filtered and 50 kDa centrifugal bulk water samples 
from feed and R-5. 6.12A: TAN and 6.12B: Nitrite profile 
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TAN profiles and total nitrite profiles were used to ensure that no microorganisms had passed 
through the filtration process and affected the observation (Figure 6.12). The initial sudden 
drop of TAN (within first 20 hours) in R-5 30 kDa retentate sample confirmed the separation 
of SMPs with 30 kDa centrifugal filters. Further confirmation was done by one of the protein 
denaturing method; silver addition. 
 
Table 6.1: Decay rate coefficient of mildly nitrified and severely nitrified water samples after 
ultracentrifugation with different centrifugal filter sizes.  
 
 
 
Sample 
Decay rate coefficient (hr
-1
) 
100 KDa 50 kDa 30 kDa 
R-5 filtered 0.022 0.022 0.022 
Feed filtered 0.007 0.007 0.007 
R-5 centrifugal filtrate 0.016 0.015 0.007 
R-5 centrifugal 
retentate 
0.007 0.007 0.014 
 
 
Decay rate coefficients achieved from the above experiments showed 100 and 50 kDa filter 
units cannot be used for separation of SMPs while 30 kDa filter units are successful. 
Considering these results can be concluded, the protein/SMPs which is responsible for 
accelerated chloramine decay is in size between 50 kDa and 30 kDa. Therefore in 
identification of SMPs accountable for chloramine decay can be narrowed down to 50-30 
kDa in size. 
 
6.3.4  NMR spectrometry for protein identification  
Figure 6.13 expressed the results obtained from the NMR test. Highest peak (signal A) was 
recorded for the water presented in the sample. A small peak (signal B) was recorded for the 
10% D2O added when preparing the concentrated sample for the NMR spectrometry. D2O is 
commonly used as a solvent in NMR protein identification and to make changes to keep the 
resonance frequency constant. Other than that, NMR spectra of biological macromolecules 
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with molecular masses above approximately 35 kDa can be obtained with deuteration-
addition of D2O (Fernandez et al. 2004). 
 
 
Figure 6.13: The result obtained from NMR spectrometry.  
 
According to the NMR results obtained, signals couldn’t be detected for the SMPs. The most 
likely reason for this could be due to the concentrated sample not being concentrated enough. 
Based on the results achieved previously, the size of the SMPs in nitrified samples is between 
30 kDa and 50 kDa. Regarding the NMR, the 35 KDa size limit is applied for the study of the 
three dimensional fold or structure. Proteins of 35 kDa size can still be observed by NMR 
(Billeter, Wagner and Wuthrich 2006), but the signals will be broad so it is difficult or 
impossible to determine its structure. If the SMPs are greater than 35 kDa in size, the NMR 
could not detect the protein.  
 
Signal A 
Signal B 
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Therefore, gel electrophoresis (GE) with Mass spectrometry (MS) was used to further 
concentrate and determine the identity of the SMPs. 
 
6.3.5  GE and MS for protein separation and identification  
Sent samples were further concentrated by lyophilizing (Sample 1) and ultra-centrifugation 
(sample 2, sample 3 and sample 4) at Campbelltown campus. Supernatant and pellet were 
separately classified after the ultra-centrifugation for the identification of protein. Separated 
proteins on 12.5% denatured gel and stained with cCBB stain are presented in Figure 6.14. 
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FIGURE 6.14: Separated protein bands according to the molecular weight on 12.5% gel, 
when stained with cCBB stain. The numbers next to the arrow marks represent the identified 
proteins presented in Table 6.2. 
 
kDa = kilo Daltons 
MW = Molecular weight markers 
B = Blank well 
1 = Sample 1 (Lyophilized R-4 unprocessed water)  
2 = Sample 2- supernatant (R-4 0.22 um filtered water)  
3 = Sample 2- pellet (R-4 0.22um filtered water) 
4 = Sample 3- supernatant (R-4 30 kDa retentate) 
5 = Sample 3- pellet (R-4 30 kDa retentate) 
6 = Sample 4- supernatant (filter device washed) 
7 = Sample 4- pellet (filter device washed) 
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In the GE separation, known molecular weight markers are used to identify the bands derived 
from the sample/s which need to be identified. Several number of bands which were 
identified as different protein types can be seen in the Sample 4- pellet which were taken 
from the washed filter device. This is confirmed that, most of the proteins separated using 30 
kDa ultra-centrifugation trapped on to the centrifugal filter device and easily removed with 
the washing process.  Among them, most of the bands were present in between 30 kDa and 
50 kDa molecular weight markers. Some of the bands were also seen between 15 kDa-22 kDa 
molecular weight markers. Besides, some of the bands were present in R-4 30 kDa retentate 
supernatant and R-4 30 kDa retentate pellet. As all bands are seen on the samples after 30 
kDa centrifugation, it can be concluded that the separation and concentration of SMPs are 
effective towards the protein identification process. In all other samples, a clear band could 
not be seen. This could be due to use of the low concentration in those samples. 
 
 
 
 
Table 6.2: Protein identification results obtained from MS 
Protein 
band no. 
Data 
base* 
Taxonomy Protein ID Name of the 
protein 
MW 
(kDa) 
Score Matches Coverage 
(%) 
Peptide sequence Organism 
1 1 gram +ve 
bacteria 
YISN_BACSU Uncharacterised 
protein 
22.3 32 1 4 K.WEQAGFQDK.L Bacillus subtilis 
1 4 Other 
bacteria 
BF521612.1 
EST 
Unknown 109.9 44 11 27 KNK.K Mycoplasma 
hyorhinis 
         K.KLKLQMK.N  
         K.LQMK.N  
         K.LQMKNHK.M  
         K.LQMKNHKMKK.L  
         K.NHK.M  
         K.MKK.L  
2 3 Bacteria H0F698 Phospholipase C 78.9 56 1 1 R.VLDALTANPEVWSK.T Achromobacter 
arsenitoxydans 
3 1 Other 
bacteria 
IF2_THESQ Translation 
initiation factor-2 
77.8 32 2 2 R.KLNMSPK.E Thermotoga sp. 
         K.VGDAVVASNTYGK.V  
4 2,3 Bacteria H1GMG2 Uncharacterized 
protein 
42.9 49 1 2 R.GNSNTNERK.E Myroides 
odoratimimus 
4 2,3 Bacteria E7S989 Mevalonate 
kinase 
32.2 66 1 4 R.RMTRSIGVGQAHSK.I Streptococcus 
australis 
5 1,3 Bacteria D0EAP3 Superoxide 
dismutase 
22.9 69 2 6 R.ANGDHAAIFLNEK.N Mycobacteriaceae 
6 3 Bacteria I2QRQ6 Flagellin/flagellar 
hook associated 
protein 
75.4 57 1 1 R.VLTSLNAASSTLR.S Bradyrhizobium 
sp. 
6 3 Bacteria E7S989 Mevalonate 
kinase 
32.2 51 1 4 R.RMTRSIGVGQAHSK.I Streptococcus 
australis 
7 2 gram +ve 
bacteria 
R7CQD7 Uncharacterized 
protein 
44.5 58 1 2 K.LSDLDTVIDRR.G Dialister sp. 
8 No 
ID/Results 
         
9 3 Bacteria H0BWD4 Flagellin domain- 49.9 197 7 12 M.AATINTNVSSLTAQR.N Acidovorax sp. 
101 
 
containing 
protein 
         R.FTSQIR.G  
         K.SAGDILQR.V  
         R.ISQTTEFNGQK.L  
         K.LGALQSR.F  
         R.ILDADFAAETANLSR.A  
10 3 Bacteria D0IYG1 Flagellin-like 
protein 
42.7 113 2  R.IMDADFAAETANLSR.T Comamonas 
testosteroni 
10 1 Bacteria GCS22_RHOSR glutamate-
cysteine ligase 2 
41.5 40 1 2 R.RGASYQR.Q Rhodococcus sp 
11 3 Bacteria E7S989 Mevalonate 
kinase 
32.2 62 1 4 R.RMTRSIGVGQAHSK.I Streptococcus 
australis 
11 1,2 Bacteria NADK_CLONE NAD kinase 31.4 43 1 2 K.IGVITNR.E Clostridium 
cellulolyticum 
12 3 Bacteria Q1GNX9 Flagellin-like 
protein 
27.7 105 5 13 M.TVINTNVSALR.A Sphingopyxis 
alaskensis 
         R.NANDGISLAQTADSAAGSISDILVR.M  
13 3 Bacteria Q1GNX9 Flagellin-like 
protein 
27.7 170 7 16 M.TVINTNVSALR.A Sphingopyxis 
alaskensis 
         R.NANDGISLAQTADSAAGSISDILVR.M  
         R.ANLGAQQNR.L  
14 4 Bacteria JK512368 Unknown 16.6 26 1 10 K.AAHSAANAIKHAESGGG Enterobacter 
aerogenes 
14 4 Bacteria JG731870 Unknown 21.8 21 1 3 R.RCAQPMK.K Burkholderia 
thailandensis 
15 3 Bacteria H1Z9D3 Uncharacterized 
protein 
26.9 77 5  K.NNIKGLTLPAQR.F Myroides 
odoratus 
16 3 Bacteria G4IMP8 Uncharacterized 
protein 
47.9 74 1 2 R.VAELEATTAR.K Hyphomicrobium 
denitrificans 
16 3 Bacteria F4CQW5 UPF0235 protein 
Psed 
9.1 42 1 11 R.AVAGAFGVPR.G Pseudonocardia 
dioxanivorans 
16A 3 Bacteria I0G646 Uncharacterized 
protein 
15.2 75 1 9 K.GDAYGFGGLTQER.R Bradyrhizobium 
sp. 
51 No           
102 
 
ID/Results 
67 3 Bacteria A2SJT1 Flagellin-related 
hook-associated 
protein 
420.1 138 1 4 R.NANDGISLAQTAEGALGK.L Methylibium 
petroleiphilum 
67 3 Bacteria C6XFD7 ATP synthase 
subunit alpha 
557.4 55 1 4 R.VLSIGDGIAR.V Liberibacter 
asiaticus 
91 3 Bacteria H0BWD4 Flagellin domain-
containing 
protein 
49.9 170 7 12 M.AATINTNVSSLTAQR.N Acidovorax sp. 
         R.FTSQIR.G  
         K.SAGDILQR.V  
         R.ISQTTEFNGQK.L  
         K.LGALQSR.F  
         R.ILDADFAAETANLSR.A  
91 3 Bacteria F8GCF9 Flagellin domain 
protein 
48.2 124 3 8 M.PQIINSNVASLNAQR.N Nitrosomonas sp. 
         R.GDLGAIQNR.F  
         R.IQDADFAAESANLTR.G  
 
 
 
 
 
6.3.6  Identification of the separated protein by Mass Spectrometry (MS) 
According to the data presented in Table 6.2, most of the proteins identified by MS and later 
matched with the data base 1-SwissProt, base 2-LudwigNR, base-3 uniproTrembl and base 4- 
Prokaryotes_EST from bacteria. Protein band numbers are correspondent to the numbers 
presented in figure 6.14. Score value represents the confidence of the match. Higher the score 
number more the confidence of the identity of the protein. As results obtained from the 
Chapter 5, proteins present in the range of 30-50 kDa in size are responsible for the rapid 
decay of chloramine. Therefore, among the proteins presented in table 6.2, protein bands 
identified between 30 kDa and 50 kDa with high score value can be accountable for the 
accelerated decay of chloramine in nitrified bulk water samples. Those proteins should be 
further elucidated with different identification techniques. As an example, proteins believed 
to accelerate the chloramine decay can be purchased separately or a better concentration 
technique be developed to isolate and test the proteins without denaturation, as GE technique 
used in these experiments denatures the protein.   
 
Table 6.3: Identified proteins and related bacteria in acceptable range 
 
Protein 
band no. 
Taxonomy Protein 
ID 
 
MW (kDa) Score Organism 
9 Bacteria H0BWD4 49.9 197 Acidovorax sp. 
10 Bacteria D0IYG1 42.7 113 Comamonas testosteroni 
91 Bacteria H0BWD4 49.9 170 Acidovorax sp. 
91 Bacteria F8GCF9 48.2 124 Nitrosomonas sp. 
 
Table 6.3 presents the summery of the identified protein and related bacteria with high score 
value and between 30-50 kDa in size. The most prominent recorded results is the protein 
isolated from Nitrosomonas spp. It is identified as the dominant AOB in biofilms and bulk 
waters of pilot and full scale chloraminated systems (Claros et al. 2010, Regan et al.2002 and 
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2003, Lipponen et al. 2004). They are Gram-negative betaproteobacteria that can derive all its 
energy from the oxidation of ammonia to nitrite and lives in several places such as soil, 
sewage, freshwater and marine. In Bal Krishna et al (2012) also reported that 
betaproteobacteria is one of the dominant species in R-4 and R-5 in lab scale reactor systems. 
  
The major objective of this study was the separation and identification of SMPs which are 
responsible for the sudden loss of chloramine in nitrified water distribution systems. It is 
successfully rewarded and as there are several proteins identified in the tested water samples, 
the particular chloramine decay protein/s identification will be the next step related to this 
study in the future. Outcomes of such study will be beneficial to all chloraminated water 
supply systems in the world. 
 
6.4  Conclusions 
Chloramine decay experiments were conducted to discover the accurate size of centrifugal 
filters for separation of SMPs from nitrified bulk water samples. Other than that protein 
identification methods such as NMR spectrometry and GE followed by MS were carried out 
to identify separated proteins. The samples used for these experiments were obtained from 0-
1 mg-C/L DOC contained lab-scale system and the major conclusions made in this study are 
as follows: 
 30 kDa ultra-centrifugal filters are effective for separation of SMPs from nitrified 
bulk water samples. 
 Although effective separation of SMPs from nitrified bulk water is obtained from 30 
kDa ultra-centrifugal filters, an identical decay rate to the filtered R-5 sample cannot 
be noted, most likely due to the effect of centrifugation. 
 50 kDa and 100 kDa are not suitable for isolating SMPs from nitrified bulk water 
samples. 
 NMR spectrometry cannot be used for the protein identification as signals obtained 
from proteins greater than 35 kDa in molecular weight could not be detected by NMR 
spectrometry. 
 MS method identifies some proteins in the chloraminated bulk water samples 
obtained from severely nitrified stage. 
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 One of the most abundant proteins present in identified samples is identical to 
Nitrosomonas spp which is reported to be present in nitrified chloraminated systems.  
 Further work is needed to pinpoint the protein responsible. 
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CHAPTER 7 
 
Conclusions and Recommendations 
 
7.1  Conclusions  
This research has been undertaken to maintain the necessary chloramine residuals throughout 
the chloraminated water distribution systems by understanding microbial factors accelerating 
chloramine decay. It was recently found out soluble microbial products (SMPs) which is 
secreted by microorganisms living in the nitrified water distribution systems accelerate 
chloramine decay. Therefore, identification of SMPs was the main focus of this study. Initial 
trials indicated that the dissolved organic carbon (DOC) level substantially controlled the 
production of SMPs and nitrification. In addition, water source from where the water was 
collected also showed a substantial variation in DOC level. Hence as a first step, how natural 
DOC concentration variations effect on nitrification/ SMPs production/ heterotrophic 
bacterial activity were considered. Once the favourable conditions for the production of 
SMPs were identified, a technique to identify SMPs have been devised and tested. 
 
Five lab scale reactor sets were operated by feeding different DOC level containing water 
(10-12, 7-8, 5-6, 3-4 and 0-1 mg-C/L) demonstrated the impact of DOC on the onset of 
nitrification. High DOC concentrations greatly suppressed the onset of nitrification in lab 
scale systems. Nitrification could not be achieved with the 10-12 mg-C/L DOC containing 
feed water. Number of days for the achievement of nitrification varied with the DOC 
concentration of the feed water for the rest of the samples. The 7-8 mg-C/L DOC feed water 
took the maximum number of days for the onset of nitrification (35 days). In other reactors,  
25 days, 20 days and 15 days were taken by the feed water having 5-6 mg-C/L, 3-4 mg-C/L 
and 0-1 mg-C/L DOC level, respectively. With the increased DOC concentrations, 
heterotrophic bacterial activity also increased. To facilitate the DOC reduction up to 0-1 mg-
C/L, BAC column was maintained. BAC column removed some heavy metals such as 
copper, led, zinc and manganese which act as inhibitors for the nitrification process in the 
feed water. Consequently the parameters proposed by Sathasivan et al., 2008 was modified in 
the metal containing samples. 
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To determine the presence of SMPs in relation to DOC level, chloramine decay tests were 
carried out with 0.22um filtered and not filtered severely nitrified water samples in different 
DOC level containing reactor sets. The results concluded that, presence of high DOC levels 
(12-7 mg-C/L) greatly suppressed the production of SMPs in the lab scale reactor set as 
SMPs were not detected among them. SMPs are present in 5-6, 3-4 and 0-1 mg-C/L DOC 
containing lab scale reactor sets. Findings of this work will help for water utilities to 
overcome the biggest challenge of accelerated chloramine loss occurring under nitrifying 
conditions. 
 
Chloramine decay experiments were conducted using 100 kDa, 50 kDa and 30 kDa 
centrifugal filters to discover the accurate size of centrifugal filters for separation of SMP 
from nitrified bulk water samples. The results demonstrated that, 50 kDa and 100 kDa are not 
suitable for isolating SMPs from nitrified bulk water samples whereas 30 kDa ultra 
centrifugal filters are effective for the separation of SMP from nitrified bulk water samples. 
Although effective separation of SMPs from nitrified bulk water is obtained with 30 kDa 
ultra centrifugal filters, an identical decay rate similar to the severely nitrified water sample 
could not be obtained. This can be concluded as centrifuged sample has less recovery 
percentage compared with no centrifuged sample. 
 
To fulfil the major objective of this study, protein identification methods such as nuclear 
magnetic resonance (NMR) spectrometry and gel electrophoresis (GE) followed by Mass 
spectrometry (MS) were carried out. Samples used for this experiment were obtained from 3-
4 mg-C/L DOC contained lab-scale system. NMR spectrometry cannot be used for the 
protein identification as signals obtained from proteins are greater than 35 kDa in molecular 
weight, which could not be detected by NMR spectrometry. The GE separation followed by 
MS detection identified some proteins in the chloraminated bulk water samples obtained from 
severely nitrified stage. One of the most abundant proteins present in samples is identical to 
that from Nitrosomonas spp which is dominantly present in nitrified chloraminated systems. 
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7.2  Recommendations for future studies 
 As there were several proteins identified in the nitrified bulk water samples, detailed 
experiment is essential to identify the protein which is specifically responsible for 
accelerated chloramine decay. 
 
 Even though 30 kDa centrifugal filters are effective to separate SMPs from bulk water 
samples, it is essential to extract SMPs between 50 to 30 kDa to eliminate the 
accumulation of bigger protein types in the filter unit. Therefore protein identification 
needs to be carried out with SMP containing samples after the separation of 30 kDa 
followed by 50 kDa ultracentrifugation. 
 
 In this experiment, only the effect of DOC concentration was examined for the 
production of SMPs. Therefore other than the DOC concentration; the effect of pH, 
alkalinity, total chloramine residual, temperature and water retention time on SMP 
production needs to be investigated. These parameters are usually fluctuating in 
chloraminated distribution systems. 
 
 Microbial community variations in different DOC levels need to be carried out as 
presence of SMPs differ with the DOC concentration. 
 
 In order to develop a proper control strategy for nitrification, heavy metal 
concentrations especially Cd, Cu, Pb, Zn, Mn and Ni which was found to be as 
inhibitors in this experiment should be determined. 
 
 Sufficient studies have been conducted to find out the effect of ammonia oxidising 
bacteria on nitrification. But there can be other organisms responsible for accelerated 
chloramine decay while reducing ammonia and increasing nitrite level. But the studies 
of other ammonia-oxidizing microorganisms (AOM) are not in satisfactory level. 
Therefore, it is essential to investigate the AOM and their possible role in degrading 
chloramine residuals in chloraminated distribution systems.    
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